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The Hybrid Illinois Device for Research and Applications (HIDRA) at the University of 
Illinois at Urbana-Champaign (UIUC) is the only tokamak-stellarator hybrid that is wholly 
dedicated to the study of material science, mainly research pertaining to fusion plasma facing 
components (PFCs). HIDRA’s long-pulse steady-state stellarator plasmas provide a unique plasma 
environment to test materials under the harsh conditions they will experience in a fusion device. 
To realize HIDRA’s potential to advance PFC research, the HIDRA-Material Analysis Test-stand 
(HIDRA-MAT) was designed and fabricated. HIDRA-MAT is an extension of HIDRA with the 
purpose of exposing materials to HIDRA stellarator plasmas and then performing in-vacuo surface 
characterization. HIDRA’s long-pulse plasmas emulate some environmental conditions samples 
will experience in larger fusion devices, which will help in PFC development by studying the 
plasma-material interactions. Sample preparation utilizes a high-linear shift mechanism with an 
attached UHV heater that is rotatable for sample positioning and diagnostic use. A liquid metal 
droplet injector (LMDI) allows for controlled in-vacuo liquid metal droplet creation and 
application to samples.  HIDRA-MAT is equipped with a multitude of diagnostics capable of laser-
induced breakdown spectroscopy (LIBS), laser-induced desorption spectroscopy (LIDS), thermal 
desorption spectroscopy (TDS), and He/D2 differentiation. Preliminary experimental data 
demonstrating the functionality of sample motion and rotation, the LMDI, and surface 
characterization diagnostics (LIBS, LIDS, and TDS), and He/D2 differentiation is reported. A ±5% 
error in He/D2 mixture concentration measurements has been demonstrated and the technique will 
be used to determine He and D2 retention in samples after plasma exposure. The LIBS system’s 
development and results are discussed describing how signal quality has been improved. Lithium 
peaks have been resolved in collected spectra and the implementation of dual-pulsed LIBS is 
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expected to increase signal strength and allow for the identification of hydrogen and deuterium 
peaks. The LIBS system’s depth profiling capability has also been demonstrated. HIDRA and 
HIDRA-MAT together present a unique opportunity in the field of fusion PFC research and 
trailblazes the path for the accumulation of scientific knowledge on liquid metal-PFC-plasma 
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CHAPTER 1:  INTRODUCTION 
1.1 Fusion Energy 
Fusion energy has long been sought after because of its potential to provide the world with 
virtually limitless energy. A single working commercial fusion reactor could meet the energy 
demand from hundreds of thousands of people with little waste and harm to the environment 
compared to that of energy sources such as fossil fuels and natural gas. A fusion reactor 
accomplishes this seemly impossible task by forcing atoms to fuse under extreme conditions, much 
like the Sun. 
The underlying scientific principles that lead to fusion in the Sun can produce energy from 
fusion reactions on Earth. The Sun’s gravitational force creates extremely dense plasmas that lead 
to atomic nuclei fusing in its core. This force cannot be reproduced on Earth, so scientists drive 
plasma temperatures hotter than the Sun’s core. Under these conditions, a deuterium-tritium 
reaction is possible. Deuterium and tritium are isotopes of hydrogen and, when fused, yield a 
helium atom and high energy neutron as described in equation 1 [1]. 
 
 




Most of the energetic neutrons escape the fusion vacuum vessel. They are captured by a 
blanket system that converts the energy to heat used to boil water and spin a turbine, while a 
fraction is absorbed in the underlying structural components. The alpha particles, being charged, 
are trapped by the magnetic field and confined and thus continue interact with the plasma by either 
transferring their energy through collisions with the deuterium and tritium ions to sustain the fusion 
reaction or, eventually, interacting with the fusion reactor’s walls. Discussion on how to achieve 
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fusion energy has been going on since the 1940s. Still, one thing is certain; developing fusion 
energy systems is the long term solution for clean, sustainable, and virtually unlimited energy 
globally. 
There are many engineering challenges in constructing a fusion reactor. The plasma-
material interactions (PMI) at the device walls have a significant impact on how a fusion reactor 
is designed. PMI has a direct effect on plasma performance due to impurities being sputtered into 
the plasma, fuel being implanted into the walls, destruction of reactor walls, and much more. There 
will always be a need for a vacuum vessel to contain the plasma; thus, there will always be PMI 
challenges. The following thesis will further discuss PMI, introduce current fusion research 
devices and technologies used for PMI testing, and provide an in-depth explanation of the design 
and preliminary results for a unique PMI research tool. 
1.2 Hybrid Illinois Device for Research and Applications 
The Hybrid Illinois Device for Research and applications (HIDRA), located at the Center 
for Plasma-Material Interactions (CPMI), is the only tokamak-stellarator hybrid dedicated to the 
study of PMI for fusion applications. HIDRA, formerly WEGA in Greifswald, Germany, has a 
major radius R0 = 0.72 m and a minor radius a = 0.19 m and is currently being run as a classical 
stellarator configuration [2]. HIDRA can operate up to ~60 minutes at a low magnetic field (87.5 
mT) and tens of minutes in its high magnetic field regime (0.5 T). HIDRA’s size and long-pulse 
plasmas equip it to act as a testbed for PMI research. Though HIDRA cannot reach the heat fluxes 
seen in larger devices, it can reproduce a similar magnetic field environment and particle flux that 
will produce relevant PMI edge mechanisms [3]. HIDRA, in combination with PMI diagnostics, 
can be used to conduct preliminary PMI experiments to provide useful data on plasma-facing 
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components (PFCs) to aid larger devices in determining what PFCs should be implemented in their 
experimental campaigns. 
1.3 PMI Issues and Stated Objectives 
PFCs play a critical role in the development of fusion energy. The numerous underlying 
mechanisms responsible for PMI have a substantial effect on plasma performance and device 
design. Testing PFCs in fusion devices proves to be a considerably time-consuming and 
challenging task. These challenges arise from larger fusion devices (EAST, JET, etc.), having strict 
experimental schedules that collate data on several fusion energy research disciplines, not just 
PFCs. Additionally, each device’s unique design constraints can impede the feasibility of 
efficiently testing multiple PFC concepts and restrict experimental campaigns to focus on a single 
PFC. The development of a practical device dedicated to testing a diverse set of PFC materials in 
a time-efficient manner would accelerate the development of fusion PFCs. 
Fuel and reaction byproduct interactions with the wall have a significant impact on any 
fusion relevant PFC. Ion implantation leading to fuzz growth [4, 5] and fuel retention [6] have 
highlighted some issues using solid PFCs. CPMI at the University of Illinois at Urbana-Champaign 
(UIUC) is one of the leading labs studying the use of liquid metals, specifically lithium, as a PFC 
in fusion devices [7, 8, 9]. Research at UIUC aims to understand the PMI associated with liquid 
lithium loops and the engineering required to make them a reality in fusion devices. One such area 
of PMI being investigated is the retention of D and He in lithium PFCs. The Hybrid Illinois Device 
for Research and Applications (HIDRA) provides an integral pathway for studies on D and He 




To efficiently utilize HIDRA for material testing, the HIDRA Material Analysis Test-stand 
(HIDRA-MAT) is being developed. HIDRA-MAT’s design took inspiration from the Material 
Analysis Particle Probe (MAPP) used on NSTX [10]. Though both devices are used for PFC 
characterization, HIDRA-MAT differs from MAPP in size and shape due to space constraints 
around HIDRA and has different characterization capabilities. HIDRA-MAT is an extension to 
HIDRA capable of surface characterization for various materials before and after plasma exposure. 
HIDRA-MAT stands apart from other material analysis diagnostics due to its ability to expose 
liquid metal PFCs to long-pulse stellarator plasmas with periodic in-vacuo surface 
characterization. A sample can be heated with an ultra-high vacuum (UHV) heater sample stage 
and have liquid metal applied to it using a liquid metal droplet injector (LMDI). After or in-
between plasma exposures, materials can be characterized in-vacuo in the HIDRA-MAT main 
chamber using laser-induced breakdown spectroscopy (LIBS) and thermal desorption 
spectroscopy (TDS).  
In this report, an in-depth look into HIDRA-MAT’s design and the functionality of its 
components are discussed. The design of the main chamber, sniffer section, LIBS system, LMDI, 
and transfer arm are explained and shown how each component and section complement each 
other to meet HIDRA-MAT’s design criteria. Preliminary results of lithium droplet application to 
a heated sample in HIDRA-MAT using the LMDI is shown qualitatively. Results from TDS in 
HIDRA-MAT show desorption of deuterium from tungsten at temperatures which agree with 
literature. A quantitative analysis of helium and deuterium differentiation is given yielding good 
confidence in distinguishing relative helium and deuterium mixture concentrations. The evolution 
of the LIBS system is described which eventually led to identifying the presence of lithium lines 
in the LIBS spectra after ablating the surface of a lithiated tungsten foil sample. Lastly, a discussion 
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on the use of Raman spectroscopy for hydrogen identification in silicon and tungsten samples is 
included in Appendix A due to it being unsuccessful and further He/D2 differentiation data is 













Chapter 2: HIDRA-MAT Overview 
2.1 Background 
The concept of HIDRA-MAT stemmed from the work done on MAPP, shown in figure 1. 
MAPP was used on NSTX to analyze materials using X-ray photoelectron spectroscopy (XPS), 
TDS, ion-scattering spectroscopy (ISS), and direct recoil spectroscopy (DRS) directly after plasma 
exposure. When possible, the design accommodated diagnostics to function within a short time 
window of a few minutes between shots on NSTX. Each diagnostic component provides surface-
sensitive data of the PFCs, including surface chemistry, surface hydrogen detection, and deuterium 
retention. MAPP’s design and experimental data has provided a substantial contribution to PFC 
research and was used as the benchmark example in the development of HIDRA-MAT. 
HIDRA-MAT, similar to MAPP, was fabricated for PFC testing investigating PMI. 
Though these systems share diagnostic capabilities like TDS, HIDRA-MAT employs diagnostics 
and sample preparation systems that allow for liquid metal PFC testing and LIBS. Both of these 
PFC test-stands have unique design constraints and plasma environments. HIDRA’s low 
confinement brings about large particle fluxes to the wall. Samples placed at the plasma edge 
Figure 1. Setup of (a) MAPP on NSTX to expose samples at the divertor region and (b) main 
chamber of MAPP when samples are being analyzed [10]. 
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during HIDRA’s long pulse stellarator plasma paired with HIDRA-MAT’s diagnostics will 
produce preliminary data relevant to developing fusion PFCs. Furthermore, HIDRA-MAT’s 
LMDI enables liquid-metal PFC testing, which has emerged as a necessity as next-generation 
fusion device design incorporates liquid metal technologies. HIDRA-MAT will test and collect 
data on a wide variety of PFC materials that will then be used to aid larger devices in deciding  on 
a wide variety of PFC materials that will then be used to aid larger devices in deciding what 
materials will be used in their experimental campaigns. 
2.2 Main Features of HIDRA-MAT 
HIDRA-MAT was designed to conform to HIDRA’s space and project budget constraints. 
HIDRA-MAT is located on a HIDRA A-port between coils 28 and 29 and shown in figure 2. An 
A-port was chosen because it the largest available port, gives the broadest range of motion for the 
sample while inside HIDRA, and provides the most space between the vertical field coils for the 
HIDRA-MAT main chamber and supporting diagnostics to be installed. Secondly, using an A-port 
means HIDRA-MAT extends outward from HIDRA on a horizontal plane parallel with the floor. 
Figure 2. Labeled (a) Top and (b) side views of HIDRA-MAT noting the position of each component and diagnostic 
in relation to each other.   
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Eliminating the need to work on an angle gave more diagnostic and sample preparation options 
which are described later in this report. In relation to the other ports on HIDRA, HIDRA-MAT’s 
connection point has B, C, and Z ports next to it currently unused. Cameras and plasma diagnostics 
could be installed around the sample using these ports to provide more information on the sample 
exposure conditions. Lastly, HIDRA-MAT’s location is on the west end of HIDRA, putting it in 
the back of NRL 114 and out of sight from the HIDRA control room, adding another layer of safety 
while the laser system is in use. 
The fabricated final product of HIDRA-MAT is shown in Figures 3a and 3b. An extension 
piece attached to the A-Port connects to a DN100CF pneumatic gate valve positioned horizontally 
to the ground and outside of the toroidal field coils. The gate valve allows for maintenance to be 
done on either HIDRA or HIDRA-MAT while the other is still under vacuum making the two 
devices independent from each other if need be. The gate valve can also be closed mid-pulse while 
Figure 3. HIDRA-MAT’s (a) main chamber, LIBS system, lithium dropper, and transfer arm and (b) sniffer section 




HIDRA-MAT diagnostics are running. Closing the gate valve for diagnostic use produces a cleaner 
environment for testing because of the lower vacuum achieved and the capability to pump 
background gas into the HIDRA-MAT main chamber without affecting plasma conditions in 
HIDRA.  
A cylindrical vacuum chamber with 12 ports extending out from its top, bottom, and sides 
acts as the HIDRA-MAT main chamber. The chamber was in a previous experiment and 
repurposed for HIDRA-MAT. The ports vary in size ranging from DN40CF to DN160CF. Having 
multiple ports with a line of sight view of the center of the vacuum chamber made it ideal for 
HIDRA-MAT. The main chamber is compact to fit within the space constraints of HIDRA and 
versatile to accommodate the different diagnostics and sample preparation systems HIDRA-MAT 
requires to collect surface sensitive data.  
The orientation of the main chamber was dependent on the sample motion between 
HIDRA-MAT and HIDRA. Two ports in the same plane provide openings for the samples’ 
horizontal movement between the HIDRA-MAT main chamber and the HIDRA vacuum vessel. 
A high linear shift mechanism is attached to one of these ports and is responsible for the sample's 
precise automated positioning. The sample head is rotatable and is located on the end of a support 
rod structure discussed in-depth later on.  
The other supporting diagnostics and vacuum components are connected to the main 
chamber. A DN100CF turbopump backed by a dry, rough pump brings the chamber to a 10-7 Torr 
base pressure. Another gate valve sits between the turbopump main chamber for throttling to reach 
higher pressures with smaller gas flows. Two Sierra SmartTrak 100 mass flow controllers (MFCs) 
are connected to a single gas input line into the main chamber. The MFCs are rated for ten gases, 
including hydrogen, helium, nitrogen, and argon, and regulate flow rates of 0.1-10 sccm. Opposite 
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of the gas input line is an up-to-air valve for evacuating the chamber when there is a sample 
exchange or required maintenance. Below these components are two pressure gauges. The first 
gauge is a standard full-range pressure gauge with a range of 10-9 Torr to atmosphere. The second 
is a specialty baratron gauge with a range of 7.5×10-6 – 8.2×10-2 Torr. True pressure readings from 
the baratron gauge provide accurate pressure signal data in the range where the full range gauge 
switches from Pirani to Cold Cathode mode. The switch has some inherent error associated with 
it, and a true pressure reading solves this issue by being a measurement technique that is gas 
independent. The other available ports on the main chamber are used for the LMDI, LIBS, and 
TDS systems.  
The TDS system utilizes both the main chamber and a second section designated as the 
sniffer section. The sample is positioned on top of a UHV sample heater connected to the transfer 
arm in the main chamber. The sniffer section comprises two RGAs, a full range pressure gauge, a 
turbopump backed-up from a rough pump, a DN40CF gate valve, and a sniffer probe. Performing 
Figure 4. A CAD of the HIDRA-MAT sniffer section that houses the dual-RGA system 
which is used for TDS and He/D2 differentiation. 
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TDS carries the concern that the sample may desorb enough particles that raise the pressure in the 
main chamber to a level that damages RGA filaments that can only operate as high as 1×10-4 Torr. 
The sniffer probe, labeled in figure 4, has a simplistic design to execute a specific function. It 
consists of a solid blank copper gasket with a 1 mm sized orifice in the center. This gasket restricts 
flow between the main chamber and the sniffer section. Differential pumping can be achieved 
because of the size of the orifice and turbomolecular pumps on both sides of the sniffer probe. The 
current HIDRA-MAT setup has the sniffer probe at the connection point between the main 
chamber and the sniffer section. This location allows for differential pumping but is planned to be 
moved up to the gate valve connection point on the main chamber side. The sniffer probe’s new 
position will reduce air volume that needs to be pumped out by the main chamber turbopump 
through the sniffer probe's orifice when the sniffer section gate valve is closed. This change will 
lead to a faster pump down of the main chamber when the sniffer section gate valve is closed. 
Differential pumping ensures that any rise in pressure from the desorption of molecules from the 
sample surface will not raise the sniffer section’s pressure to a pressure that damages the RGA 
filaments. With the sniffer section gate valve closed, a base pressure of 3×10-8 Torr has been 
recorded in the sniffer section. If throttling of the main chamber gate valve is done (partially 
closing the gate valve to restrict flow into the turbopump), then pressures in the main chamber can 
reach up to 50 mTorr before the RGAs must be turned off. 
2.3 Preparation and Diagnostic Systems Overview 
Sample heating is required for favorable wetting conditions of the sample [11] and TDS 
[12]. A HeatWave Labs Model 101491-01 UHV Heater with sample clips secures and heats the 
sample. The heater rotates vertically 180, allowing it to be positioned normal to the HIDRA-MAT 
diagnostics. The rotation mechanism used a similar design as the system used to rotate the 
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fluorescent rod in HIDRA in previous experiments that measure HIDRA’s magnetic fields [13]. 
Modifications of the design were made to adapt the rotation mechanism to the HIDRA-MAT 
system. 
A liquid metal droplet injector was explicitly designed for HIDRA-MAT to prepare liquid 
metal PFCs for plasma exposure. The design goals were to create a compact, reliable, and robust 
design that could apply liquid metal droplets in-vacuo to various samples. The injector was 
designed for lithium use, but other liquid metals could be substituted. It was shown that the injector 
has the capability to form consistently sized liquid metal droplets and apply them to a substrate 
without the droplet detaching from the nozzle and falling to the sample. The results provide 
additional insight into the cooling and oxidation of lithium droplets under vacuum conditions. The 
end-use for the injector on HIDRA-MAT is to apply liquid metals to PFCs then expose them to 
HIDRA’s plasma for plasma-material interactions studies. 
HIDRA-MAT is equipped with LIBS and TDS diagnostic systems. LIBS is a minimally 
destructive surface technique that has an operation time of a few seconds. Raman spectroscopy 
was initially planned for a non-destructive method on HIDRA-MAT. Still, as data will show, it 
could not provide sufficient molecular bond information of the metals used in HIDRA-MAT. LIBS 
can be performed multiple times within a single shot of HIDRA, making it capable of yielding 
data on surface chemistry changes between exposures. After the sample is exposed, TDS is 
performed. TDS is a destructive surface technique that takes tens of minutes to hours, dependent 
on the set temperature ramp rate. Using the dual-RGA system, a method has been developed in 
tandem with the HIDRA-MAT TDS system to differentiate molecular deuterium and helium. 
These material characterization systems will produce relevant PMI data on deuterium and helium 
retention in PFCs along with other PFCs behavior when exposed to HIDRA’s stellarator plasmas. 
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Chapter 3: Sample Preparation 
3.1 Background 
HIDRA-MAT is outfitted with unique sample preparation systems to position samples for 
various preparation and diagnostic systems. Linear motion and rotation of the sample were the 
first design criteria for HIDRA-MAT. For liquid metal application, the sample surface has to be 
heated to favorable wetting conditions, and TDS requires high surface temperatures, so a sample 
heater was integrated into the design. HIDRA’s low heat flux means high energy ions will not be 
interacting with the surface. Still, a high sample temperature during exposure is needed for liquid 
metal PFC testing to keep the metals in a liquid state on the sample. Deuterium and helium 
retention studies could also require different sample temperatures. Preliminary experiments will 
look at porous tungsten with liquid lithium applied to the surface. All samples are required to be 
solid so they can be secured to the heater. The LMDI is used to apply liquid metals onto a solid 
substrate if liquid metal PFC testing is needed. Fast and precise sample positioning is one of 
many reasons HIDRA-MAT is an exceptional PFC characterization device. 
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3.2 Linear Motion and Rotation 
 
A sample in HIDRA-MAT is required to move linearly and be rotatable for plasma exposure 
and characterization. A transfer arm, seen in figure 5, provides high accuracy linear sample 
positioning for diagnostics and plasma exposure. A rotatable sample stage is attached to an 
actuated high linear shift mechanism (HLSM) with 800 mm of linear travel. Figure 6a depicts how 
samples can be transferred from the HIDRA-MAT main chamber through 17.6 cm of the HIDRA 
vacuum chamber midplane. Experiments will show how far into the HIDRA plasma the sample 
Figure 5. HIDRA-MAT's high linear shift mechanism attached to the HIDRA-MAT 
main chamber. The transfer arm is responsible for linear positioning of the sample 
for characterization and plasma exposure positions. 
Figure 6. Full extension of (a) HIDRA-MAT’s transfer arm 17.6 cm into HIDRA’s vacuum vessel while a plasma is 
present and (b) the sample heater positioned normal to the plasma by using the sample rotation mechanism. 
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can be placed before the heater elements disrupt the plasma completely.  Figure 6b shows how 
initial experiments will expose the sample at the plasma edge, determined from magnetic field 
mapping and plasma shape results from previous experiments [13]. Following exposure, samples 
are retracted into HIDRA-MAT for surface characterization. The HLSM’s micron position 
resolution can be taken advantage of for LIBS measurements at various sample surface locations. 
The HLSM’s micron position resolution is determined by an LM10 incremental linear 
magnetic encoder system. This system can be taken advantage of for LIBS measurements at 
various sample surface locations through small linear movements of the sample to adjust the beam 
location on the sample. The SM23165D smart motor uses a Smart Motor Interface to set a zero 
position and control the HLSM by executing movement profiles. Limit switches prevent over-
travel that could damage the motor. A 24 V, 8 A power supply powers the motor, and a 10-meter 
long cable connects the motor, power supply, and computer for operation from the HIDRA control 
room. The transfer arm is shown in figure 7b.  
Sample heating is in HIDRA-MAT is attained using a HeatWave Labs Model 101491-01 UHV 
Heater. The UHV Heater can hold samples as large as 25 mm in diameter and 6 mm in height. 
Sample heating under vacuum conditions is expected to reach up to 1000 C, and a built-in 
thermocouple connection monitors heater temperatures. The heater is mounted to a rotation 
Figure 7. CAD of (a) the internal components of the transfer arm showing how the UHV heater is connected and the (b) 
assembled transfer arm system attached to HIDRA-MAT.  
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mechanism that has 180 of sample rotation. From the zero position under the lithium dropper, the 
sample can easily be rotated for LIBS analysis without any transfer arm motion. Rotation also 
gives more control of the sample’s position inside HIDRA for plasma exposure ensuring the 
sample is normal to the plasma edge. Rotation is achieved by a connection of u-joints, a stainless-
steel rod, and a linear bellows drive (LBD) with 50 mm of travel. The u-joints translate linear 
motion in the x-axis into rotation of the entire sample. Additionally, the sample head rotates about 
a horseshoe support connected to the transfer arm, so the sample head moves linearly with the 
transfer arm motion. 
 The rotation stage components are made from easy-to-machine 304 SS and are shown in 
figure 8 above. The UHV heater connects to the rotation stage using stainless steel threaded rods 
and nuts. The heater needs to be electrically isolated from the rotation stage, so power is not lost. 
High-temperature ceramic tubes and washers isolate the rods and nuts. Three stainless steel rods 
connect to the horseshoe of the rotation stage. Three support discs are equally spaced across the 
rods' length to add rigidity—the rods thread into a custom double-sided CF flange on the opposite 
(a) (b) 
Figure 8. The UHV Sample heater in (a) a +90° vertical position used for liquid lithium 
application and (b) a 0° horizontal position used for plasma exposure. Rotation can continue to 
a -90° vertical position for 180° of rotation. 
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end from the rotation stage. A singular SS rod fits through the center of the flange and connects to 
the LBD. The other end of the middle rod is attached to the u-joints. Moving the LBD moves the 
u-joints and forces the stage to rotate about two pins in the horseshoe. Since the LBD movement 
can be controlled, the angle the sample rests at can be as well.   
Wiring for the thermocouples and power is fed through the support discs and double CF 
flange and connected to a feedthrough located above the LBD. The thermocouples are covered in 
Kapton tape for isolation from the rods and discs. The atmospheric side of the feedthrough, 
thermocouple, and power wiring connect to a HeatWaveLabs Model 101303-23 power supply. 
Control and limit modules display the thermocouples’ readings and can have ramp rate profiles 
executed from them. The modules have a ±0.1 tolerance and work with a type-K thermocouple. 
The control module reads the temperature of the UHV heater’s internal thermocouple, and the limit 
module reads the temperature from the surface of the sample. If the surface of the sample exceeds 
the set limit temperature, the system will shut off. The power supply can deliver up to 32 V and 
47 A at full output.  
           Loading samples onto the heater is a quick and efficient process. The appropriate gate 
valves are closed, the transfer arm is retracted back to its zero position, and the main chamber is 
brought up to atmosphere. A DN100CF vacuum door enables easy access into the main chamber. 
The UHV heater is rotated into the +90° position, and samples are held in place on the top of the 
sample heater. There is currently no load-lock in HIDRA-MAT and no plans to install one. After 
sample loading, the vacuum door is closed. If liquid metals are being applied to the surface, the 
LMDI would have to be installed, and all of the procedures associated with doing so would have 
to be followed before pumping the main chamber down. 
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           Sample transfer and replacement time rely heavily on the experiment being conducted. If 
the UHV heater is being used, the operator must wait until the heater cools down below 100 °C to 
avoid damaging it. The preparation and installation of the LMDI take approximately half a day, 
and when the time comes to clean and reload the LMDI, it takes another half a day. More detail 
on the installation process of the LMDI will be given later on. In reality, multiple samples can 
undergo LIBS characterization in a day, with the only obstacle being pump-down time. Assuming 
a plasma exposure time of ~30 minutes with LIBS characterization, the approximate time from 
pumping down HIDRA-MAT, running the test, and bringing HIDRA-MAT back to atmosphere to 
change samples is 2 hours. For a test that requires liquid metal application, plasma exposure, LIBS, 















Chapter 4: Liquid Metal Droplet Injector 
4.1 Background 
Due to these properties of solid PFCs, liquid metals are being investigated as a potential 
alternative. In particular, liquid lithium has gained popularity due to some of its advantageous 
properties. Lithium is a low-Z material and has been shown to reduce plasma impurities' recycling 
rate increase overall plasma performance when introduced in a device [8, 14]. Furthermore, liquid 
metal walls are self-healing, have the potential ability to self-pump through concepts like TEMHD 
driven flow [7]. Ultimately liquid metals can be incorporated into a flowing loop system that can 
be used, in the case of lithium, for extraction of DT fuel and other impurities. These liquid metal 
properties serve as motivation to focus research on liquid metal PFCs. 
There are various ways to introduce lithium into a fusion system. Some setups use lithium 
evaporation for conditioning the walls to coat the inside of the machine [15], while others inject 
lithium granules to target the plasma itself [16]. Certain injection systems can also introduce a 
powder that interacts with a plasma column and turns into an aerosol inside the scrape-off layer 
[17]. These systems help increase plasma performance and provide further evidence supporting 
the use of lithium in fusion devices. 
PMI is a crucial component of the fusion energy challenge. There needs to be a greater 
emphasis on PMI, including a more extensive study of the plasma-liquid lithium interactions. 
Wetting experiments of liquid lithium applied to the underlying substrate have been conducted 
using droplet injectors to investigate liquid lithium properties. These experiments provide useful 
data on lithium behavior but lack supporting in-vacuo diagnostics to develop a complete 
understanding of the metal-substrate interfaces at play [11, 18]. The following paper will describe 
a new liquid metal droplet injection system in detail and discuss how it will be used in conjunction 
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with a new diagnostic system to provide a deeper understanding of liquid metal-substrate and 
plasma-liquid metal-substrate interfaces. 
4.2 Design Overview 
The injector design drew inspiration from UIUC and UCSD injectors that performed 
similar tasks [11, 18]. Though similar, HIDRA-MAT’s liquid metal droplet injector was explicitly 
developed for use on the HIDRA-MAT chamber and required compatibility with other diagnostics 
and remote operation. In HIDRA-MAT, the samples will be held in place on a UHV heater at a 
fixed height during the droplet application. This setup demands droplet placement accuracy to 
avoid applying liquid metal onto heater electronics and possibly destroying them from corrosive 
interaction. Samples can be up to 25 mm in diameter and 6 mm in height, so the injector design 
requires that there is height tolerance incorporated as well as controllable droplet sizes. 
Compactness and robustness result in less maintenance, and when needed, parts are cost-efficient 
to repair or replace.  
The design shown in figure 9 highlights how the injector components come together in the 
final assembly. Assembly involves first attaching the reservoir piston to the LBD and the liquid 
(b) (a) 
Figure 9. CAD of HIDRA-MAT's (a) LMDI for applying liquid metals to samples in HIDRA-MAT and (b) 
cross section view of the LMDI’s reservoir assembly. 
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metal reservoir to the custom mounting flange’s vacuum side. The LBD and reservoir piston are 
then connected to the mounting flange’s atmospheric side such that the reservoir piston is inside 
the reservoir. The heating coil slides over the reservoir tightly, and the heating coil leads are 
connected to the thermocouple/power feedthrough. Solid metal is loaded through the end of the 
liquid metal reservoir. An argon environment is used when loading lithium to mitigate oxidation. 
After loading the metal, the reservoir nozzle is screwed on, and the injector is installed onto the 
actuated linear shift mechanism (LSM), which remains on the HIDRA-MAT chamber. Supporting 
electronics and power supplies for the actuation and data collection are then connected, and the 
injector is ready to start the injection process. 
The vacuum chamber is pumped down to pressures within a magnitude of 1×10-3 Pa or 
lower. In the case of lithium, the heater is brought to a temperature of ~220 °C (Tmelt, Li = 180.5 
°C) indicated from the thermocouple inside the coil heater. This process takes over an hour with 
the setup to ensure the whole reservoir assembly is adequately heated. To create a droplet, the 
actuated LBD moves the reservoir piston and pushes the liquid metal out of the reservoir nozzle. 
Distance from the nozzle to the substrate can also be adjusted by moving the LSM in the z-
direction. 
4.3 LMDI Component Details 
Actuated Movement 
Versatility and safety come from the injector’s actuation. All component movement can be 
controlled from a distance by running set programs from a control computer. The LSM is an 
LSM64-50-SADC with 50 mm of travel enabling droplet application to samples of various heights. 
It also makes it possible to apply a droplet to the sample without detaching from the nozzle and 
falling to the sample. Physically dropping the metal onto the substrate could cause an unwanted 
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droplet break up onto heater components. It should be noted the LSM stays installed on the vacuum 
chamber by a DN63CF connection, and all the other components are attached via the DN63CF 
mounting flange after the metal has been loaded in the reservoir. The other actuated element is the 
LBD, which is an LBD16-50-IS with 50 mm of travel and a DN35CF connection. At the full stroke 
length, the piston’s position is at the end of the reservoir, reducing metal waste. 
Heating Coil System 
Heating is done by a custom TEMPCO Mightyband Coil Heater with a built-in type K 
thermocouple surrounded by MgO insulation. The heater can reach temperatures above 1000 °C, 
though, for this application, a maximum of 300 °C is required. The power and thermocouple leads 
are covered by a 304SS sheath, except for the connection points to the feedthrough. Connections 
are covered in Kapton tape during installation for more robust connections and electrical isolation. 
The coil fits tightly around the liquid metal reservoir but has enough bend to be taken off. The 
nozzle prevents the coil from sliding off the reservoir. The heater’s power and thermocouple lead 
connect via a feedthrough connected to the power supply and thermocouple reader. The 
thermocouple is located at the end of the coil and rests on the top of the nozzle. The thermocouple 
placement gives a general idea of the liquid metal temperature in the reservoir but is not the actual 
temperature. It has been seen that the nozzle tip takes much longer to heat up than the reservoir 
due to the low thermal conductivity of stainless steel. To overcome this problem, a metal wire with 
higher thermal conductivity (Al, Cu) can be wrapped around the reservoir and nozzle to promote 






Reservoir Assembly and Injection of Droplets 
The reservoir assembly comprises the liquid metal reservoir, reservoir piston, reservoir 
nozzle, and heating coil. These components attach to the custom mounting flange and the actuated 
LBD for liquid metal droplet injection. Keeping lithium use in mind, the design accommodated all 
reservoir assembly components with 304SS for stronger corrosion resistance. Each component is 
separate from one another, so cleaning is made easier. If a component needs to be repaired or 
replaced, the whole injector does not have to be replaced, saving cost over time. 
The liquid metal reservoir is a bored-out 304SS rod threaded at one end, and at the other 
end, a DN16CF connection is welded on. The threads outside the reservoir help slow lithium from 
creeping up the nozzle walls and spilling into the vacuum chamber. If the threading were on the 
inside of the reservoir, gravity would aid lithium creep, and lithium could cover the outside of the 
nozzle. The nozzle’s design came from previous designs of other injectors at UIUC [11]. It is 
expected that different variations of nozzles will be fabricated and used with the injector. Specific 
dimensions were chosen based on sample position in HIDRA-MAT. 
Connecting the LBD and the liquid metal reservoir is the custom mounting flange. The 
flange is a DN63CF to DN16CF zero-length reducer that has been modified for this application. 
Modifications include another DN16CF connection on the flange’s vacuum side with tapped holes 
so the liquid metal reservoir can be attached. A hole was drilled through the flange, and then a half 
nipple with a DN16CF connection on one end for the feedthrough connection was welded onto the 
flange. On the atmospheric side of the flange, the LBD is connected to keep the vacuum, but on 
the vacuum side, the connection does not contribute to keeping the vacuum, so an old gasket is 
used. The connection point provides an escape for any pressure that may build up in the reservoir 
when heating the metal. 
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Droplets are produced by driving a piston with the LBD through the reservoir to push the 
molten lithium out of the nozzle. The piston is tapered and threaded at one end so it can be screwed 
into the LBD. The piston’s diameter was manufactured to the reservoir's inner diameter such that 
it was snug but still able to move through it. The LBD is connected to a computer through a 
Nanotec Electronic C5-01 open-loop stepper motor controller to control an executed program’s 
actuation. Actuation paired with the high surface tension of lithium allows for small steps to be 
made by the piston to start the droplet’s formation while still attached to the nozzle. Subsequent 
piston steps grow the droplet to the desired size, and then the LSM is used to lower the droplet to 
the sample. Figure 10 above shows all the electrical connections for the injector. 




4.4 Experimental Setup and Results in Temporary Chamber 
 
The injector setup shown in figure 11a was used to test droplet injection. A test setup was 
used instead of HIDRA-MAT because we wanted to limit the lithium amount introduced to 
HIDRA-MAT. This temporary setup provided all the necessary features to confirm that the injector 
will work when installed on HIDRA-MAT. Unannotated in figure 11a is the gate valve, 
turbomolecular pump, rough pump, and supporting electronics. The supporting electronics for 
supplying power and reading/sending data were connected after installing the injector onto the 
vacuum chamber. An external thermocouple monitored the temperature of the bellows during the 
heating of the coil.  
(a) (b) 
Figure 11. Experimental setup (a) of the liquid metal droplet injector (b) camera view 
looking at nozzle position and a tungsten sample. 
 
Figure 12. The liquid metal droplet injector in the lithium loading glovebox which provides an argon 
environment to mitigate oxidation of the lithium. 
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 Before the lithium dropper could be installed onto the vacuum chamber, it needed to be 
loaded with lithium. Loading was done in an argon environment and then transferred to the vacuum 
chamber. Figure 12 is the liquid metal droplet injector in the glovebox after the lithium has been 
loaded. The opening at the nozzle tip is covered during the transfer process to limit the oxidation 
of lithium. Purity is not a concern for these tests since the oxidation that would occur during 
installation will not influence droplet formation. Furthermore, lithium use in commercial devices 
will have to deal with oxidation concerns, so there is validity to allowing oxidation to mimic those 
conditions better. If purity did become a concern, the design would have to change to include a 
vacuum suitcase for transferring. 
Droplet diameter had a range of less than 1 mm for the three droplets created portrayed in 
figure 13. For future planned tests, this is an acceptable range. The experimental procedure can 
explain the difference in droplet diameter. Droplet 1 was formed, and surface tension kept it 
attached to the nozzle. The droplet was then lowered to the surface of the sample using the LSM. 
Once in contact with the substrate, the nozzle was retracted, and the droplet was left on the surface. 
If the sample were heated, it would be expected that the droplet would more easily transfer to the 
sample through wetting. 
Figure 13. Three droplets were produced during the experiment and their size was measured through ImageJ software. 
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Droplet 2 was formed with the nozzle retracted and sitting above the first droplet. Droplet 
2 grew until it coalesced with the first droplet. Coalescing of the droplets demonstrated that even 
with the droplet’s impurity growth, it had not cooled off or hardened between droplets. The same 
effect was present for the application of the third droplet. Droplet 3 had a smaller diameter than 
droplet 2. With the same actuation step program, it would be expected that each droplet would be 
the same. However, the combination of the first two droplets reduced the distance between the 
nozzle and the sample. The reduced space caused the droplet to interact sooner, so the measured 
diameter was smaller. If there were room for the full droplets to form, less dissimilarity in 
diameters would be anticipated.  
 Figure 14 highlights the effects of lithium oxidation in vacuum conditions. The application 
of the droplet to the substrate is the first stage seen in figure 14a. At the time of application, the 
droplet is physically hot and has a reflective shell. As the droplet sits on the substrate, it will start 
to cool and undergo oxidation. After one minute, lithium oxidation could be observed by the 
change in the droplet’s shell from reflective to dull in figure 14b. Lower pressure would slow this 
oxidation effect. The addition of a second droplet in figure 14c, four minutes after the first droplet, 
reveals that the first droplet had not become solid. There is a clear distinction in the shell of the 
two-droplet mass between the shell parts that belonged to the first droplet and those of the second 
molten droplet. Figure 14d is directly after the addition of the third droplet. The third droplet was 
added one minute after the second. The shell from the first droplet can still be distinguished, and 
Figure 14. Five points in time were chosen since the first droplet was applied (a) Right at the time of application of the droplet 
to the sample (b) Letting time pass to observe oxidation (c) Addition of a new droplet (d) Addition of another droplet (e) Letting 




the cooled and oxidized sections are in different positions of the lithium mass. It was observed that 
these cooled and oxidized shell parts rotated on the shell of the lithium mass when a new droplet 
was added. Furthermore, figure 14e was taken two minutes after the third droplet giving it time to 
cool and oxidize in the vacuum environment. It can be seen that the coalesced droplet is starting 
to cool and oxidize, but even so, parts of the first droplet’s shell can be observed in this last 
documented stage. Once the droplet was brought to atmosphere, the outer shell took on a more 
uniform look.    
4.5 Experimental Setup and Results in HIDRA-MAT 
Once proof of concept was demonstrated, the LMDI was installed onto HIDRA-MAT for 
a wetting experiment. The experiment’s objective was to show the LMDI’s lithium droplet 
capabilities to a heated substrate in HIDRA-MAT. A 1” diameter lithiated porous tungsten sample 
was secured to the UHV heater using the sample clips. The clips were placed in such a way to 
minimize the chance of lithium interacting with them. The porous sample had a lithium film 
thickness of approximately 50-100 nm. The sample was lithiated a year prior to the experiment, 
so the surface had been fully passivated. A thermocouple was placed on top of the UHV 
molybdenum heater to ensure the sample was heated and confirm the other thermocouple’s 
readings on the heater's underside. During the experiment, the thermocouple at the top of the UHV 
heater shifted and became lodged between the heater’s heat shield and side. Securing the 
thermocouple under the sample will be done in the future.   
The preparation of the lithium was done in a glove box with an Argon atmosphere. A 
lithium rod was cut into an inch long piece and placed in the lithium reservoir. Then the nozzle 
was screwed onto the reservoir. The LMDI was then transferred from the glove box to HIDRA-
MAT to be installed onto the LSM. Purity was not a concern, so there was no need to pump argon 
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into the HIDRA-MAT chamber during installation. After installation, the chamber was pumped 
down. 
HIDRA-MAT was pumped down to a base pressure of 3.55×10-7 Torr after a 48-hour 
bakeout of the UHV heater at 400 C. The UHV heater was brought up to 300 C and held at that 
temperature for 4 hours to let the sample outgas. In future experiments, this outgas step would not 
be necessary. After the sample temperature reached 300 C, the lithium reservoir was brought up 
to a temperature of 235 C over 1.5 hours. This preparation can be done in a shorter timeframe by 
raising the UHV heater and heating coil temperatures, but the precaution was taken on this first 
experiment to avoid significant outgassing that could damage any equipment. After the UHV 
heater and heating, the coil had been heated to their required temperatures; the HIDRA-MAT 
chamber was at a pressure of 2.02×10-5 Torr.    
 
With a steady pressure in the HIDRA-MAT main chamber, the RGA was turned on to 
measure any effects the LMDI application might have. A droplet was formed on the tip of the 
nozzle and then slowly lowered to the heated surface. The droplet contacted the sample surface, 
and the nozzle was then raised, which had the effect of the droplet detaching from the nozzle. The 
droplet then wet the surface and sunk into the pores of the sample. Figure 15 shows the stages of 
Figure 15. Stages of the lithium droplet to the heated porous tungsten substrate. The (a) first stage is of the lithium droplet 
above the substrate attached the LMDI nozzle before (b) the droplet contacts the surface but is still connected to the nozzle. 
The nozzle is then retracted upward and (c) the droplet detaches from the nozzle and rests on the sample surface. Shortly after 
detachment the (d) droplet starts to wet the substrate  before (e) completely sinking into the porous structure. 
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application of the droplet to the sample. The sample was then rotated to a horizontal position to 
demonstrate lithium’s surface tension on the sample. The rotation was successful aside from a 
heater lead detaching during the process (The attachment was not fully secured and has since been 
fixed). No lithium was observed to depart from the sample. Further testing with non-porous 
samples would demonstrate the surface tension properties more clearly. 
The RGA tracked partial pressures of N2, H2O, CO2, Li, O2, Ar, and C during the droplet 
application. During the experiment, the RGA data scan was not monitored. Conclusions on the 
RGA data were made from a video of the application. Figure 16 shows the RGA partial pressure 
signals during the droplet application. The line of interest is the water signal because lithium and 
water are highly reactive. Oxidation occurred once the lithium droplet started to form on the nozzle 
relating to the initial drop of the water signal at part (a) of figure 16. With the chamber’s pressure 
at 2.02×10-5 Torr, monolayers formed at a rate of approximately ten monolayers/sec. The droplet 
resided attached to the nozzle for 50 seconds before it contacted the substrate, where a rise in the 
water signal is observed at part (b). Over the next 13 seconds, the water signal rose to a peak at 
Figure 16. RGA partial pressure tracking for various masses  (N2, H2O, CO2, Li, O2, Ar, and C). The water partial pressure 
line is annotated corresponding with figure 15 to show how the water signal responded with the application of the lithium 
droplet.    
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part (e) of figure 16, then sharply dropped an order of magnitude in 3 seconds. Part (e) signaled 
the moment the droplet had sunk entirely into the porous tungsten. 
The cause for these signal changes is directly attributed to the interaction between droplet 
and substrate.  It is observed that when the droplet was formed on the nozzle and not in contact 
with the substrate, the only change in signal was water. Once the droplet was applied and started 
to sink into the substrate, signal changes in N2, H2O, CO2, Li, O2, and Ar were present. Data 
collected does not provide conclusive evidence on the physical mechanisms at play; however, a 
hypothesis can still be made on the lithium-substrate interaction’s general phenomena. The images 
in figure 15 paired with the RGA data in figure 16 may describe the interactions happening in the 
substrate’s pores. The sample was previously lithiated with less than 100 nm of lithium before the 
droplet was applied. The sample surface temperature measurement was subject to potential 
inaccuracies. It is viable the surface was less than the 235 C lithium or the droplet had sufficiently 
cooled as it sat on the nozzle. The rise in water signal could indicate a cooling of the droplet once 
the droplet touches the surface. Cooled lithium is less reactive with the water in the chamber, and 
the pressure starts to rise. A few seconds after the droplet touches, bonds of surface oxides begin 
to break down from the hot lithium droplet resting on the substrate’s surface while it is still attached 
to the nozzle. The droplet then detaches from the nozzle and wets the substrate surface. The droplet 
spread introduces more hot lithium to the chamber that was previously at the core of the droplet 
shielded by the formation of monolayers and potential cooling. A hot core of lithium with an 
oxidized shell was previously demonstrated by previous experimental results shown in figure 13. 
The newly exposed lithium is highly reactive with the water in the sample and the chamber and 
significantly drops the water signal. The signals then rise slightly before slowly falling to levels at 
which they are steady except for the water signal, which falls at a slower rate. The peak and fall of 
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the N2 signal are delayed compared to the other partial pressures and most likely have something 
to do with the breaking of oxide bonds on the surface and in the tungsten substrate’s pores.  As 
noted, the water signal falls for 70 seconds then slowly begins to rise. This gradual decline in the 
signal may be attributed to the droplet moving through the sample pores and reaching the heater. 
The lithium would then stay at a temperature where it could react with the water in the chamber 
for a more extended period before eventually cooling or becoming saturated.   
Figure 17 displays the sample surface post-application after the sample had been exposed 
to atmospheric conditions. During the sample’s removal, it was noticed that the sample had split 
into three separate pieces. Thermal shock during droplet application, lithium corrosion of the 
pores, or other factors could have caused this break. The surface's wetting is shown in figure 15, 
providing further insight that the substrate’s capillary porous structure could direct flow in 
different directions. The sample was rotated from a +90 orientation to a horizontal 0 orientation 
to observe the lithium’s surface tension properties. No lithium fell from the sample, but gravity is 
Figure 17. Top-view of the lithiated porous W sample in atmosphere 
after lithium droplet application. The droplet spread as it traveled 
throughout the sample’s pores can be seen. The droplet broke the sample 
into three pieces and the break is at the dark lines. 
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the most probable reason for the lithium concentration to be greater at the top of the sample, as 
depicted in figure 17, compared to the bottom.  
Overall, the LMDI has demonstrated to be in working order on both a temporary setup and 
the HIDRA-MAT chamber. Lithium droplet size can be controlled by adjusting piston step length, 
and the surface tension of lithium keeps the droplet attached to the reservoir nozzle. The 
application of the lithium to the substrate is straight forward through control of the LSM. The 
droplet stays together and does not break up during the application process allowing for more 
consistency between tests. Finally, the UHV heater makes it possible to wet samples before plasma 

















Chapter 5: Thermal Desorption Spectroscopy 
5.1 Background 
TDS is a commonly used technique within the scientific community due to its straightforward 
setup and extensive literature on the technique. TDS works by ramping up a substrate’s 
temperature, thus providing energy to break surface bonds, to desorb atoms and molecules from 
its surface. In HIDRA-MAT’s setup, RGAs in the sniffer section provide data on what atoms and 
molecules are being desorbed by identifying each atom and molecule’s mass to charge ratio. 
Relating the temperature data to the mass pressure data from the RGA produces a plot that can be 
used to quantify the amount of each molecule that is desorbed from the sample. In conjunction 
with helium/deuterium differentiation and LIBS, TDS will compare data to provide accurate 
quantification of the amount of deuterium desorption from PFCs. 
Experimental results from Taylor et al. [10] show that deuterium desorbs from tungsten around 
600K. HIDRA-MAT’s UHV heater can reach much higher sample temperatures than is required 
to desorb this deuterium. In general, TDS samples will be tested before and after exposure to 
establish a control for each experiment. Another essential factor to consider in deuterium retention 
studies is the desorption of deuterium between characterization. Desorption rates of deuterium in 
tungsten are heavily dependent on material structure and thermal conditions [19]. Desorption rates 
must be accounted for so accurate calculations can be made attempting to quantify the deuterium 
retention in any sample. Experiments from Jiang et al. [20] on deuterium outgassing have 
characterized the deuterium content in a tungsten sample after plasma exposure has been 
completed and shown that deuterium content does fall off significantly over tens of minutes. As 
experimental campaigns on HIDRA-MAT are pursued, these deuterium losses will be applied in 
TDS and LIBS data analysis. 
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5.2 Heater Design and Experimental Results 
Two UHV heater versions were explored in HIDRA-MAT for TDS. The first heater was a 
HeatWaveLabs Inc. Standard Series Cartridge Heater capable of reaching temperatures of 1200 
C in UHV. This model included two power leads, one input and output, and required an outer 
casing to be manufactured to support it inside of HIDRA-MAT. This casing support's design and 
Figure 18. CAD of the original sample heater that was 
used for TDS in HIDRA-MAT.  
Figure 19. TDS data of a D2 irradiated porous W sample showing (a) RGA data on mass partial pressure 
vs. time and (b) the mass partial pressure vs. temperature as a function of time. The data shows the 
expected peak of deuterium desorbing from the sample  at ~337C [12]. Credit to Zacharia Koyn for help 
on data analysis. 
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fabrication were done outside this thesis work but were used in TDS’s initial testing in HIDRA-
MAT. This heater’s design can be found in figure 18, and TDS data collected from a deuterium 
irradiated tungsten sample after a He glow discharge is shown in figure 19. The peaks seen in mass 
four desorption align with deuterium desorption values in literature. 
The original heater design included a stainless steel outer shell that housed the cartridge heater, 
copper disc, and sample. A cap was placed over the end of the housing to hold the sample in place 
and was secured by a set screw. Modifications to the original design of HIDRA-MAT made it 
evident that the sample securing mechanism was insufficient due to the difficulty of positioning 
the sample for experiments, specifically on the need for samples to be manufactured into a specific 
shape be used for experiments. The main issue that arose was the heater’s inability to reach 
temperatures past 500 C. The stainless steel shell around the heater acted as a heat sink, and the 
sample could not reach the desired temperatures. This issue forced the heater to be replaced by a 
design that could reach the necessary temperatures and function in the capacity HIDRA-MAT 
intended to use it. It solves the major issues found in the original design by including a heat shield, 
so heating is directed towards the sample and securing the sample using sample clips, allowing 
various samples to be used and limiting support structures from interacting with the plasma during 
exposure. 
A crucial part of introducing a functional TDS system in HIDRA is controlling the heater and 
sample temperature ramp rate. To accomplish fine control of heater temperature, a HeatWaveLabs 
Model 101303-23 power supply was refurbished and added to the TDS system. The power supply 
can control heater temperature to a tolerance of ±0.1 and has the option to set a programmed 
temperature profile. An internal thermocouple is placed on the heater’s backside, and an external 
thermocouple is placed on the sample or top of the heater. Heat losses between heater and sample 
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are expected, highlighting the need for external thermocouple’s placement to indicate the sample 
temperature and not the heater.  
Being a destructive characterization technique, TDS will be used after plasma exposure and to 
verify LIBS measurements. The sample temperature will be brought to 1100 K, and heating will 
be linear as a function of time. Running the RGA in pressure vs. time mode allows for multiple 
species to be looked at simultaneously. The interaction between lithium and hydrogen will also be 
investigated when TDS is done with liquid metal PFC samples that were exposed to hydrogen 
plasmas. LiH comes in two forms where hydrogen dissolves into the liquid lithium (𝛼 phase) or a 
precipitate forms (𝛽 phase), and these phases’ desorption are dependent on temperature [21].  The 
𝛼 phase is unbound and desorbs at temperatures around 400 C while the bound 𝛽 phase desorbs 
at higher temperatures around 600 C as shown by Christenson et al. [22]. Comparing TDS peaks 
from experiments conducted in HIDRA-MAT to those already done with LiH will provide a better 
understanding of the interaction between the lithium, hydrogen, and PFC material.  Helium and 
deuterium differentiation during TDS is also possible through the dual RGA system described in 











Chapter 6: HIDRA-MAT Dual RGA System and He/D2 Differentiation  
6.1 He/D2 Differentiation 
 D2 and He PMI are of deep concern when considering fusion applications. These products 
and reactants will collide with the walls at high energies within a fusion reactor and potentially 
implant themselves in the PFCs surface. It is crucial to understand the retention behavior of PFCs 
when it comes to interactions between PFCs, D2, and He. He implantation in tungsten PFCs has 
shown to lead to bubble formation under the surface. Over prolonged exposure, ion implantation 
leads to tungsten fuzz formation, which can have detrimental effects on plasma performance [23]. 
When D2 becomes implanted in the device’s walls, it causes fuel to be lost to the walls with no 
way of reintroducing D2 into the system. The retention behavior of PFCs becomes more pertinent 
when tritium is considered because PFCs with implanted radioactive isotopes pose a greater 
challenge to maintain and replace. Developing PFC’s that address these problems and limit 
retention of particles from the plasma will lead fusion closer to reality. 
Figure 20. CAD representation of the final HIDRA-MAT assembly 
with sniffer section components labeled. The sniffer probes location is 
between the gate valve and main chamber. 
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D2 and He have remarkably similar masses, so the SRS100 RGA’s resolution cannot 
distinguish them from one another.  This similarity in mass makes it difficult to characterize 
materials without having to buy expensive diagnostics. However, the HIDRA-MAT dual-RGA 
system enables the masses to be distinguished at a fraction of the cost using a technique similar to 
RGA mass differentiation used on EAST [24]. The dual RGA setup’s geometric configuration 
necessitated each RGA was the same distance from the particle sources and sinks inside HIDRA-
MAT, as shown in figure 20. Each RGA is the same distance from the sniffer probe and the 
turbopump. The particles have to follow the same distance and path to reach the RGA, ensuring 
that if set at the same electron energy, they should read similar partial pressures. More accuracy 
could be achieved through peak tuning each RGA. 
The process of differentiating D2 He gas begins with choosing the ionization energies of the 
RGAs. The ionization potentials of D2 and He are 15.46 eV and 24.58 eV, respectively. One RGA 
is set to 50 eV having the effect of ionizing both D2 and He. 50 eV was purposefully chosen as the 
electron on the RGA to avoid doubly ionizing He at its second ionization energy of 54.41 eV while 
maximizing the RGA signal.  A second RGA set to an electron energy of 25 eV, the lowest possible 
setting on the RGA100, results in a negligible signal when trying to read an RGA He partial 
Figure 21. Raw RGA data for (a) mass 4 partial pressure vs. He flow rate and (b) mass 4 partial pressure vs. D2 flow rate. Data 
showing the RGA set at 25 eV shows no mass 4 signal when He is introduced into the HIDRA-MAT chamber. The same 25 eV 
RGA shows a mass 4 signal when D2 gas is introduced into the HIDRA-MAT chamber. 
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pressure but produces a significant RGA partial pressure signal when reading D2, as seen in figure 
21. This differentiation can be used to determine the percentage of D2 that makes up the 50 eV 
signal to ionize both D2 and He. 
6.2 Differentiation of Gas Mixtures 
 To demonstrate He/D2 differentiation further, the dual-RGA system was used to identify 
He/D2 gas mixtures. The goal of the experiment was to determine the mixture composition using 
just the signals obtained from the RGA. The first step involves calibrating the RGAs for pure gas 
flows. To minimize error in the measurements, it was most straightforward to collect data to 
produce calibration curves to relate true gas pressure to the RGA signal. By doing so, it allows for 
the mixture concentration to be identified by converting RGA signals into physical gas pressure 
values and then calculating mixture composition, which will be explained in this section. 
 




















25 eV D2 Signal
D2 Gas Pressure vs 25 eV RGA Signal
Figure 22. The true pressure of D2 was measured using a CMR365 Pfeiffer Baratron Vacuum 
gauge and related to the signal measured by the RGA set to an electron energy of 25 eV.   
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In the situation where a sample is undergoing TDS, molecules will be desorbing off the 
surface, and the RGAs will measure the signal associated with the desorbed molecules. The 25 eV 
signal corresponds only to D2, as seen in figure 21, so once measured, the 25 eV signal is converted 
into a pressure using the calibration curve in figure 22. Figure 22 used baratron pressure readings 
to ensure that the calibration was as accurate as possible. The calibration represents the pressure 
in the HIDRA-MAT main chamber due to D2. As expected, the RGA signal increases with an 
increase in pressure due to more D2 atoms reaching the RGA and being ionized.  
The physical D2 pressure desorbing off the sample surface is now known and has to be 
compared to what the physical pressure from He desorbing off the surface would be to identify the 
gas mixture. Another calibration curve, helping convert D2 pressure into a 50 eV RGA signal, is 
used and can be seen in figure 23. Once converted, the D2 50eV RGA signal is subtracted from the 




















50 eV RGA Signal vs D2 Gas Pressure
Figure 23. A linear fit relating true  D2 pressure to the signal measured by the 50 eV RGA 
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measured signal to calculate the amount of 50 eV signal that is due to He gas. This calculation is 
described in equation 2. 
 𝐻𝑒 50 𝑒𝑉 𝑆𝑖𝑔𝑛𝑎𝑙 = (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 50 𝑒𝑉 𝑆𝑖𝑔𝑛𝑎𝑙) − (𝐷2 50 𝑒𝑉 𝑆𝑖𝑔𝑛𝑎𝑙) (2) 
 
The next step is to convert the He signal back into a physical pressure value. This is done 
by yet another calibration curve shown in figure 24. After this final conversion, there is now a 
physical gas pressure from both He and D2 originating from the signals collected on the dual-RGA 
system. Equation 3 can then be used to determine the percentage of He to D2, thus showing that 
the two gases with nearly identical gases can be differentiated and quantified into physical pressure 
values which, can be used in determining a sample’s retention of each gas after plasma exposure. 






















50 eV He Signal
He Gas Pressure vs 50 eV He Signal
Figure 24. Flowing pure He gas into HIDRA-MAT produces a calibration curve relating the He signal measured 
by the 50 eV RGA to the true pressure in the HIDRA-MAT main chamber measured by the baratron. 
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The differentiation methodology has been presented, and the experimental results are to 
follow, demonstrating how well the system works in practice. To do so, data was collected on flow 
rates of pure He and pure D2  gas that corresponded to pressures in the HIDRA-MAT main chamber 
measured by the baratron gauge. This data is presented in figure 25 and was used to determine the 
flow rates of each gas to create specific gas mixtures. The data shows that the same flow rates do 
not result in the same pressure in the HIDRA-MAT main chamber even though the gases are the 
same mass. Due to this, the linear fits created from figure 25 have to be used to determine what 
each gas’ flow rate has to be to create the desired mixture. Relying on flow rates alone without the 



























HIDRA-MAT MC Pressure vs Pure Gas Flow Rate
Figure 25. Differences between D2 and He result in similar flow rates producing different pressures in the HIDRA-
MAT main chamber. This data was used to determine MFC setpoints for different He:D2 mixtures. Flow rates 
below three sccm could not produce a stable signal to be able to make an accurate pressure measurement. 
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data in figure 25 to determine mixture would lead to inaccuracies in the analysis of the dual-RGA 
system’s effectiveness. The flow of gas was controlled using two SmartTrak 100 MFCs that are 
calibrated for ten different gases in which He and D2 are included.   
Figure 27. Flow rate of (a) D2 and (b) He in  He:D2 gas mixture versus the calculated He percent determined from the 
differentiation method. Three distinct He concentrations were attempted and are shown by solid horizontal lines. The 
dashed vertical line in each figure act as a cutoff for data points where the flow rate of He or D2 were outside the range 
of flow rates used in figure 25. 



























% He vs Total Gas Flow Rate for He:D2 Mixtures
Figure 26. Total flow rate of the He:D2 gas mixture versus the calculated He percent determined from the differentiation method. 
Three distinct He concentrations were attempted and are shown by solid horizontal lines. The differentiation method produced 
results that followed closely to the attempted mixtures. Dashed vertical lines act as a cutoff for data points where the flow rate of 
He or D2 were outside the range of flow rates used in figure 25. 
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The data from testing the dual-RGA system with known gas mixtures are included in figure 
26. It is important for the reader to understand that the “known gas mixtures” have an error 
associated with them through a multitude of factors, including potential error in the MFC, the 
linear fits in figure 25, and gas flow dynamics inside of HIDRA-MAT. The MFCs operate with a 
1% tolerance, and the pressure measurements during the pure gas flow calibration have to be 
averaged over an extended period of time at pressure ranges at or below 10-3 Torr to collect 
accurate measurements. Below 10-4 Torr, the baratron gauge measurements cannot be used, and 
the linear fit is used to determine flow rate to pressure conversion. The three dashed lines in figure 
26 represent the start of data points that both gas flow rates are at or above flow rates measured 
(the lowest pure gas flow rate measured that still gave accurate baratron pressure measurements 
was three sccm for each gas) in figure 25. Figure 27 shows the calculated He percentage as a 
function of each gas’ flow rate into the HIDRA-MAT main chamber. A dashed vertical line on 
figures 27a and 27b indicates flow rates below the flow rates measured using the baratron gauge 
pressure measurement in figure 25 and thus data that relied solely on the fit of the data. Figure 27a 
reveals that the data is strongly dependent on the flow rate of D2 when it comes to determining gas 
mixtures. This signals that there is most likely a change in the data at these low flow rates from a 
linear relationship to a non-linear one.  Gas flow dynamics could play a role in explaining 
discrepancies in the data when looking at the desired gas mixture and the calculated gas mixture, 
specifically looking at low gas flow rates and higher percentages of He compared to D2. There is 
confidence in the data’s accuracy, and further explanation of error propagation in the calculated 
data will be discussed in the following section. 
 Overall, when flow rates of He and D2 are both above three sccm, the gas mixture 
calculation better follows the expected gas mixture. Between the three gas mixtures investigated, 
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the He percentage followed closely to what was expected. The differentiation system was able to 
distinguish between the amount of He and D2 in the system just from the dual-RGA signals with 
an error close to ±5% depending on the gas mixture. Baratron limitations at low pressures make it 
difficult to calibrate for differentiation, but it is seen that at higher flow rates, the system does 
relatively well. Future work on this system will address the lower flow rate issues and can 
potentially be solved by operating the differentiation system with the main chamber at a higher 
pressure that the baratron can be used and introducing a known leak.  
6.3 Error Propagation 
 Error propagation calculations have been done and included in figures 26 and 27. The error 
bars are tolerable, showing less than ±5% error for the majority of data points establishing 
confidence in the method. Identifying the largest sources of error in the measurement provide 
insight into how the measurement can become more accurate. The percentage of He compared to 
D2 is the final calculated value shown in figures 26 and 27. This value is obtained from equation 
3, and its standard deviation, Δ𝑓, is calculated from equation 4.  














Equation 4 is dependent on the standard deviation associated with the pressure calculation of He 
(Δ𝑃𝐻𝑒) and D2 (Δ𝑃𝐷2). The contribution each source has towards the overall error is included in 
table 5 for each mixture, which can be found in Appendix B along with the rest of the calculations 
regarding error propagation. This data shows that the calculation for the error associated with the 
He percent calculation relies heavily on the calculation of the Δ𝑃𝐻𝑒 term. This dependence is more 














 , is a product of previous calculations using linear fits 
on the data shown in figures 22-24 in section 6.2. Following error propagation through the 
differentiation methodology will explain what steps are most likely to introduce error.  
 The standard deviation for the calculation of the physical pressure of D2 gas is shown in 
equation 5. The standard deviation of the slope, Δ𝑚, and the intercept, Δ𝑏, are produced with the 
fit of the line in figure 22. The 25 eV measured signal has an associated standard deviation as well 
and can be calculated from the gas mixture data sets using equation 6. Each value from the 
population, the population mean, and the size of the population are denoted by 𝑥𝑖 , 𝜇, and 𝑁 
respectively. The non-zero term contributions for Δ𝑃𝐷2 can be found in table 6. The product of the  





(Δ𝑏)2 will be zero because of the linear fit. Additionally,  
standard deviations for both the 25 eV measured signal, Δ𝑥, and 50 eV measured signal, Δ𝑤, have 
been presented in table 7. Looking at the term contribution from equation 5 it is clear that the 
majority of the error is contributed from the measurement of the 25 eV signal, and that is expected 
as long as there is confidence in the conversion from RGA signal to the actual pressure. To 
reiterate, there will be a small amount of error associated with baratron measurements, but the only 
data points used in the linear fits were stable pressure readings from the baratron. 





















 Now focusing on the Δ𝑃𝐻𝑒 term, the main source of error in the mixture calculation, can 
be calculated using equation 7. The standard deviation of the slope, Δ𝑙, and the intercept, Δ𝑐, are 
48 
 
produced with the fit of the line in figure 24. The standard deviation of the 50 eV He signal, Δ𝑧, 
contributes the most amount of error, found in table 8, independent of total flow rate or gas mixture, 
and is found using equation 8. Equation 8 follows a different form than the other standard deviation 
calculations because the 50 eV signal is found from equation 2 rather than a conversion, which 
uses a linear fit of data points. Table 9 shows that the term contribution is relatively equal, with 
the 50 eV signal measurement term contributing slightly more to the overall error.  Since these 
two terms provide similar error contribution, equation 9 has been included to follow the source of 
error in Δ𝑦, the calculation of the standard deviation of the 50 eV D2 signal. Table 10 shows that 
the Δ𝑃𝐷2 term contributes all the error, and relating that back to term contribution in equation 5, it 
is known that the measurement in the 25 eV signal contributes most of the error to that calculation. 
















 Δ𝑧 = √(Δ𝑤)2 + (Δ𝑦)2 (8) 


















 With all this said, the error propagation study yielded the expected results that the error in 
the mixture calculation comes from the measured RGA signals. It is important to identify this 
source of error because it highlights the factors in the differentiation method that can be improved 
upon. To obtain more accurate results, the accuracy of the RGAs would have to be improved. This 
can be achieved by taking more data points at specific flow rates, using longer data sets to improve 





Chapter 7: Laser-Induced Breakdown Spectroscopy 
7.1 LIBS Background 
 LIBS is emerging as a popular characterization technique across many scientific 
disciplines, one of which is fusion materials. Single-pulsed LIBS (SP-LIBS) utilizes a focused, 
high-energy laser pulse onto a sample to form a localized plasma above its surface. Plasma 
formation is achieved by first ablating the material on the sample's surface with the laser’s pulse. 
Ablated material will form a plume of ejected material normal to the surface. With an incident 
laser angle normal to the sample surface, the beam will interact with the ablated material it has. 
The ejected ablated material becomes ionized and creates a plasma. As the plasma forms, plasma 
shielding will cause the laser beam’s energy to be deposited into the plasma rather than the material 
[25]. Higher laser energy will yield more ablated material and a stronger plasma. 
The experimental setup dictates the specifics of the LIBS setup. Laser type becomes the first 
thing to consider, followed by the geometry of laser optics, sample, and collection optics, sample 
Figure 28. SP-LIBS setup using an ICCD camera with the spectrometer collecting light 
from aa 90 angle with the AOI of the beam [41] . 
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material, and timing controls when constructing a LIBS setup. Nanosecond pulsed Nd:YAG lasers 
are typically used in these setups because of their ability to produce high energy pulses with 
harmonics at 1064 nm, 532 nm, and 266 nm. Laser energy required is dependent on if the sample 
material that is being characterized is a solid, liquid, or gas. The next consideration in a LIBS setup 
is the geometry of laser, sample, and collection optics. 
In most cases, the laser beam is normal to the sample surface to maximize the interaction 
between the beam and ablated material. However, research investigating signal variation spatially 
in the plasma plume has utilized different sample-laser angles and observation angles [26, 27]. 
Collection optics are generally at a low angle with respect to the incident laser beam or collinear 
with the incident laser beam. In collinear LIBS setups, dichroic mirrors are implemented to direct 
the beam towards the sample while simultaneously allowing light from the plasma to pass through 
to be collected. Collection optics can also be positioned 90 to the plasma plume, as seen in figure 
28.  
LIBS plasma formation must be understood to grasp the meaning of the signal that is being 
obtained. Plasma formation is dependent on either thermal or non-thermal effects at the material 
surface. Non-thermal effects arise if femtosecond lasers are used, while thermal effects are 
dominant if a nanosecond laser is used. In femtosecond pulses, thermal effects do not have enough 
time in the pulse to evolve fully, so the dominant mechanism is a Coulomb explosion. Nanosecond 
pulses have a longer timescale for thermal effects to fully develop and become the driving 
mechanism for plasma formation. The heating and melting of the substrate lead to ablation and 
ionization of the material. The crater left behind from a nanosecond pulse is deeper into the 
substrate. The crater's edges are less defined than craters created from the femtosecond pulse 
because of the melting in the material lattice. The advantage of the nanosecond pulse is the 
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occurrence of plasma shielding that reheats the plasma. The plasma develops to a point where it 
prevents the laser irradiance from passing through and ablating the substrate, and instead, all of 
that power is now delivered to the plasma. This plasma shielding extends the lifetime of the plasma 
[25]. The plasma’s properties, such as electron temperature and density, rely on the amount of 
ablation, laser energy deposition, environmental factors (pressure, gas species), and more. In a 
vacuum, the plasma adiabatically expands and cools after it has interacted with the laser pulse. The 
scope of this work covers nanosecond laser pulses under vacuum conditions. Atomic emission 
occurs during the cooling of the plasma, and the optical fiber collects the emitted light. This light 
creates the LIBS spectra and provides information on the composition of the sample’s surface. 
 HIDRA-MAT will use LIBS on fusion PFCs, and most fusion PFC’s incorporate W as the 
main part of their design with liquid metal PFCs. Adding to the complexity of designing fusion 
PFCs are the particles they interact with from the plasma. With LIBS being sensitive to sample 
material, Li and W’s LIBS signals were crucial to this work. Table 1 contains the known emission 
lines correlated to Li, and W. H and D have few emission lines because hydrogen and its isotopes 
have one electron. A W atom has 74 electrons and thus many more spectral lines. The lines in the 
table are the lines identified in literature examples that most closely follow the experimental 
conditions in HIDRA-MAT [28, 29, 30, 31, 32]. 
Table 1. Main emission lines from 𝐻𝛼, 𝐷𝛼 , 𝐿𝑖 (𝐼), 𝐿𝑖 (𝐼𝐼), 𝑊 (𝐼) 𝑎𝑛𝑑 𝑊 (𝐼𝐼).  
Name Main Emission Line(s) (nm) 
𝐻𝛼 656.279 
𝐷𝛼 656.092 
Li (I) (Neutral) 610.365, 670.811 




Table 1 (cont.) 
Name Main Emission Line(s) (nm) 
W (I) (Neutral) 429.4, 451.2, 656.32, 656.779, 657.393, 
658.291,  660.905,  661.162,  662.064 
W (II) (Ionic) 434.81 
 
The 𝐻𝛼 and 𝐷𝛼 peaks communicate important details about the PMI during plasma discharges. 
𝐻𝛼 will be present in experimental samples from the absorption of water. The disassociation of 
water molecules during LIBS will give rise to the 𝐻𝛼 peak. This peak will be more prominent if 
hydrogen gas is being used in the experiment. The 𝐷𝛼 peak resides less than 2 Å from the 𝐻𝛼 peak 
and part of the WI peak overlaps with the 𝐻𝛼 peak requiring spectrometers with high resolutions 
to be used to discern the peaks from one another. With all these peaks within angstroms of one 
another, the signal strength becomes the main constraint on data collection next to spectrometer 
resolution. The main avenues of increasing signal strength are changing laser energy, spectrometer 
delay times, or chamber pressure. Background gases are often used to improve the plasma's signal 
strength because the ablated material collides with the gas and can ionize more of the ablated 
material. In contrast, when no background gas is present in the vacuum, the plasma can freely 
expand, and plasma shielding effects are less intense [29]. Experiments involving LIBS with a Mo 
and W at different air pressures saw no change in line intensity at pressures of 10 Pa and below. 
There was an increase in line intensity with pressures higher than 10 Pa with the peak intensity 
around 3×104 Pa followed by a sharp drop off [32, 33]. Delay times between laser shot and 
spectrometer acquisition start time. The delay time is unique to each LIBS setup, but numerous 
experiments have reported optimized delay times in the range of 100 ns - 3 𝜇𝑠 across a variety of 
experimental conditions on fusion PFC materials [29, 32, 34, 35]. 
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Laser energy has a substantial effect on the intensity of the signal. Larger energies will be able 
to ablate and ionize more material resulting in a stronger signal. More ablation will cause a deeper 
crater to form, enhanced melting at the crater’s edges, and more overall damage to the surface. If 
analysis based on depth was considered, lower laser energy can provide better depth resolution 
with each LIBS pulse since crater depth would be reduced. The LIBS plasma lifetimes are on the 
order of a microsecond giving a justification as to why the signal is so low. ICCD detectors, image 
intensifiers, and nanosecond gate windows have all been employed to reduce noise and enhance 
the signal. An alternative option that was developed following the early success of SP-LIBS was 
dual-pulsed LIBS (DP-LIBS). The observed phenomenon of plasma shielding and laser energy 
deposition led to the development of DP-LIBS to increase the plasma signal. Introducing the 
second pulse into the opaque plasma helps increase the ionization of ablated material without 
ablating more material. The results are a longer LIBS plasma lifetime, which directly correlates to 
a more intense signal.  DP-LIBS experiments found optimum laser pulse delays between .5  – 2 𝜇𝑠 
[27, 32]. This spacing is achieved either by separating a single beam using optics or using two 
lasers timed off a delay generator.  
Figure 29. Different geometries for (a) both pulses of a DP-LIBS configuration [25]. HIDRA-MAT will implement a 
collinear pulse. Signal strength for (b) DP-LIBS compared to SP-LIBS [32]. DP-LIBS sees a dramatic increase in signal. 
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Figure 29a describes how the beams are conventionally used in a collinear or orthogonal 
orientation to maximize laser energy deposited into the plasma. Results from multiple experiments 
performing LIBS on fusion PFC materials showed a substantial increase in signal when DP was 
employed over SP methods, as seen in figure 29b. This figure also demonstrates spectra that were 
obtained using similar equipment on HIDRA-MAT, which is shown and discussed later in this 
chapter.  
The difficulty associated with characterizing fusion PFCs comes with their associated 
environment. In-situ characterization requires minimally invasive techniques that also can be 
achieved in high-vacuum conditions. Typical methods involve samples being exposed to 
atmosphere, which introduces surface changes due to oxidation and other potential impurities.   
7.2 HIDRA-MAT LIBS Original Experimental Setup  
The original LIBS system design, shown in figure 30, includes a Litron B-PIV 532 nm 
nanosecond pulsed laser with a pulse energy of 145 mJ at 15 Hz. The laser can be operated in both 
(a) (b) 
Figure 30. The (a) CAD of a fully assembled LIBS system with the following labeled components: 
(1) 532nm Nd:YAG laser (2) 90:10 (R:T) UVFS plate beamsplitter (3) ES220C pyroelectric energy 
sensor (4) Nd:YAG mirror (5) gimbal mount, 360° adjustable with  Nd:YAG mirror (6) adjustable 
lens tube and lens (f=500mm) and  (7) transmission viewport. Assembled (b) LIBS optics along 
with pyroelectric sensor and pulse generator before they were installed onto HIDRA-MAT. 
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SP and DP modes. Optics redirect and focus the beam to a spot size of ~1 mm, resulting in a 
calculated power density of 4.15×1012 W/m2 at maximum pulse power, consistent with similar 
LIBS experiments on tungsten PFCs [17]. The plano-convex focusing lens is coated with a 532 
nm optical coating to reduce the beam’s transmission loss. The position of the lens can be adjusted 
through an adjustable lens tube. The laser can separate the two pulses within .5  – 2 𝜇𝑠  of each 
other from programmable settings on the laser’s user interface. The first pulse will produce the 
ablation of the sample material. The second one can be triggered after an optimized delay that 
maximizes the eventual plasma plume formation and the concomitant spectral emission from the 
ablated and exciting material. After the dual pulse, a Quantum Composers 9520 Series pulse 
generator will trigger two Ocean Insight HR2000+ series spectrometers to collect and analyze the 
light signal. As noted before, the delay between laser and spectrometer trigger is sensitive to each 
specific LIBS setup and will range from hundreds of nanoseconds to microseconds. The first 
spectrometer ranges from 200 nm to 1100 nm and will scan a range of wavelengths that include 
Li, W, and any other contaminants’ peaks with a 0.1 nm resolution. The second spectrometer 
ranges from 630 nm to 680 nm and can resolve the 𝐻𝛼 and 𝐷𝛼 peaks present with a resolution of 
0.2 Å. Future experimental campaigns will strive to quantify retention in samples. 
Figure 31. CAD of original HIDRA-MAT LIBS design from a (a) side-view showing the 45 AOI  
from both the beam and spectrometer with respect to the sample and (b) ISO-view showing how the 




The laser and optics are positioned below HIDRA-MAT attached to an optical breadboard. 
The beam path first interacts with a 90:10 (R:T) beamsplitter. The transmitted beam hits an 
ES220C pyroelectric sensor, which measures the beam energy. The sensor can resolve nanosecond 
pulses to measure beam energies in both SP and DP-LIBS scenarios. The reflected beam is directed 
towards a mirror that reflects it 90 towards another mirror in a gimbal mount. The gimbal-
mounted mirror reflects the beam at a 45 angle through the lens tube and into the HIDRA-MAT 
vacuum chamber. The Nd:YAG plano-convex mirror focuses the beam through an Nd:YAG quartz 
laser transmission viewport specifically made to maximize the 532 nm beam transmission before 
hitting the sample. The entire beam path is either enclosed or covered by blackout material from 
leaving the laser to hitting the sample.   
The sample’s initial placement was horizontally positioned and 45AOI with the beam 
depicted by figure 31a. The reason for this placement was for simplifying beam alignment and 
reducing a source of error for the sample to have to be rotated if not necessary. The direct line of 
sight of the fiber optic connection to the sample was 90 with respect to the beam’s AOI. 
7.3 First Results with LIBS and LIDS 
           The first LIBS experiment was conducted on the porous tungsten sample that was part of 
the LMDI test. For simplicity in understanding the LIBS system, an SP approach was chosen to 
avoid needing to attribute time towards the optimization of inter-pulse delay. The sample was 
brought up to atmosphere after the liquid metal droplet was applied to align the beam correctly. 
Bringing the sample to atmosphere undoubtedly introduced the surface’s passivation but did not 
affect the anticipated experimental results. As an addition to the experiment, an RGA was added 
to the HIDRA-MAT main chamber to perform laser-induced desorption spectroscopy (LIDS). The 
ablated material will be ejected into the chamber, and the RGA will measure the partial pressures 
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for each pulse. In tandem with the spectroscopy results and 3D profiling of the surface, 
quantification of LIBS signals can potentially be made. 
     Following alignment, the chamber was pumped down to 2.64×10-7 Torr. The initial delay of 
the spectrometer acquisition to laser Q-switch pulse was 500 ns. The integration time on the 
spectrometer was at its minimum value of 1 ms. The laser pulse energy was set to 80%, which 
resulted in an averaged measured pulse energy at the pyrometer of 14.34 mJ. Assuming no losses, 
the average beam energy at the sample over the 14 shots was 129.09 mJ. Using an estimated 2 mm 
spot size, the power density at the sample was 5.13 W/m2. Over the course of the 14 shots, no 
usable LIBS spectrum was found. The lack of signal was attributed to a few factors, the first of 
which was laser and fiber optic geometry. The ablated material will eject normal to the surface 
irrespective of the laser’s incidence, and the area of the plume the laser interacts with is reduced 
the more the AOI deviates from normal to the surface. Experimenting with low pressure allowed 
the ablated material to freely expand with negligible effects from collisions with the surrounding 
environment. The combination of beam AOI and free expansion of ablated material are probable 
factors for the absence of signal. Additionally, inspection after the LIBS shots showed that the 




The laser pulses hitting the aluminum sample clip prevented any LIBS sample data from 
being collected but did produce LIDS data. The RGA monitored specific masses of common gases 
during the LIBS pulse, and the increase in partial pressures could identify each pulse. Taking peak 
partial pressure values from the RGA data, figure 32 shows the decrease in peak intensity as the 
laser pulses ablate more material off the clip’s surface. After the first 3 LIBS shots, the RGA was 
set to only monitor hydrogen, nitrogen, and water to increase the resolution of the data.  




























Shot # vs Gas Partial Pressure
Figure 32. Partial pressure data of H, N2, and H2O from the first 5 LIBS shots at a pulse energy of 
~128 mJ. Partial pressure decreases with each shot as oxides and water are removed from the surface. 
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7.4 Secondary HIDRA-MAT LIBS Experimental Setup 
After the first LIBS experiment, stark changes needed to be made to increase signal 
strength. The sample is now rotated 45 from the horizontal position such that the beam AOI is 
normal to the sample surface. The new AOI ensures that the laser pulse will be deposited entirely 
into the plasma rather than deposited into a small section. The increased power deposition into the 
induced plasma should lead to a stronger signal captured by the collection optics and spectrometer. 
An advantage of rotating the sample is that all rotation for diagnostic characterization (LIBS, TDS) 
and sample preparation (droplet application) can be done from the transfer arm's same linear 
position. The line of sight from the 8” side window is taken away, so alignment is now done using 
the 2.75” transmission window. Pictures for laser spot and collection optics in figure 33 give an 
idea of how alignment is verified. 
 
Figure 33. LIBS (a) laser spot alignment using light sensitive laser paper and (b) collection optics alignment. 
Precise alignment is vital to obtaining the maximum LIBS signal possible. 
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7.5 Results of Second LIBS Experiment 
The second set of LIBS experiments on HIDRA-MAT illustrated that more modifications 
to the LIBS design were necessary. The sample used was a lithiated piece of tungsten foil. The 
laser pulse hit the sample, and the effect of that pulse on the sample’s surface is seen in figure 34a. 
When observed with the Keyence VK-X1000, the images show the pulse’s energy deposition was 
concentrated on the outer edge shown in figure 30b, and depth profiles confirm that fact in figure 
35. The focusing lens used had a focal length of 500 mm, and the sample was placed 300 mm from 
Figure 34. A LIBS laser pulse of ~123 mJ left an ablation mark on (a) a  lithiated tungsten foil sample in HIDRA-MAT. 
The (b) ablation mark was imaged using a Keyence VK-X1000 to measure feature sizes  [Credit: Alfonso de Castro] 
Figure 35. 3D-profilometry of the lithiated tungsten foil sample’s surface roughness. The beam energy was more 
concentrated on the outside of the beam leaving it difficult to know the crater depth on the rough surface (1.8 𝜇𝑚). The 
beam must be focused better in order to ablate material, create a crater and plasma, and obtain a LIBS signal   [Credit: 
Alfonso de Castro] 
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the lens. The lack of focusing and divergence effects caused the spot size to be 2.55 mm in length 
and 1.68 mm in width. 
Though the collection optics were aligned, the spectrum collected did not show the 
presence of lithium or tungsten. The spectrum only captured a sharp peak at 532 nm, shown in 
figure 36, corresponding to the wavelength of the laser. Reflection of the laser light off the sample 
heater is expected, but a short-pass filter could be implemented to direct expected signal 
wavelengths into the optical fiber while avoiding signal saturation from the laser light itself. 
Secondly, the laser’s energy deposition at the surface was most likely not enough to produce 
enough ionization in the plasma for a signal to be collected. A focusing lens with a shorter focal 
length can be installed to remedy this, so the beam is focused on the sample. Energy deposition 
into the induced plasma will then be more efficient, and the increased ionization effects will 
produce a stronger signal. 


























Figure 36. Spectrometer signal showing the reflection of the 532 nm laser light. 
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7.6 Results of Third LIBS Test 
The third LIBS test set out to expand on the previous test and produce a LIBS spectrum. A 
new focusing lens (f=300) replaced the previous focusing lens (f=500) to reduce spot size with the 
beam's energy focused in the center of the beam rather than the outside of the beam profile. 
Alignment at different lens positions (270-330 mm) from the sample yielded little to no difference 
in the beam spot size on photosensitive paper. Ultimately a lens position 280 mm from the sample 
was used for these tests, and more work has to be done to reduce spot size. The lithiated tungsten 
foil used in the second LIBS test was reused as the sample. 
With a more focused laser spot, a series of LIBS shots were done at a chamber pressure of 
76 Torr. This pressure had shown high LIBS line intensities in other experiments and was chosen 
to give the best opportunity to obtain a signal [32]. Even though the laser is rated for 145 mJ, the 
pyroelectric sensor registered a beam energy of 20.92 mJ. Factoring in losses from the beamsplitter 
and subsequent optics, the pulse energy was ~179 mJ. A built-in attenuator can reduce the beam 
energy, but the highest possible energy was preferred for this experiment. Figure 37a shows the 
LIBS spectrum obtained from hitting the sample and collecting the light with the HR2000+ 200-
1100nm range spectrometer. There were three peaks present in the spectrum, and after calibrating 
Figure 37. A (a) LIBS spectrum showing the Li I lines (~671 nm & ~610 nm) and the ~532 nm line (laser) after a ~179 
mJ pulse at 76 Torr with a spectrometer integration time of 1 ms. Multiple shots (b) at the same sample location showed 
the lithium line intensity reduced as the laser penetrated deeper into the sample. 
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the line signals, the peaks were at ~532 nm, ~610 nm, and ~670 nm. The 532 nm peak reflects the 
laser light off the sample and UHV heater back to the collection optics. The 610 nm and 670 nm 
lines correspond to known Li I lines from figure 29b, signaling that lithium is present on the 
sample's surface as expected. Figure 37b highlights the LIBS system's depth profiling capability, 
showing the lithium line intensities decreasing with every shot. There were no observed tungsten, 
𝐷𝛼, or 𝐻𝛼 peaks in the spectra collected from either spectrometer (200-1100nm or 630-680 nm) 
either due to lack of signal strength or background continuum radiation, which would require light 
to be polarized before being collected [33]. 
It is promising that LIBS signals can be obtained in HIDRA-MAT, but more work still 
needs to be done to optimize the system. The pressures these spectra were collected at are too high; 
for accurate in-vacuo analysis, pressures will need to be at 10-6 Torr to avoid passivation of the 
sample’s surface. A group of shots was performed on a new sample location at a pressure of 1 
mTorr, and a lithium signal could only be from the first shot and was at a low line intensity. Low 
line intensities are expected in vacuum conditions because the ablated material has a larger mean 
free path before colliding with neutral gas particles around the sample surface. Observation of the 
sample post-LIBS did show that while the spot size of the beam has decreased in size, the beam 
was not fully focused, with the majority of the beam energy concentrated on the outer profile of 
the beam. Potential solutions to the low signal problem are introducing a background gas such as 
argon into the chamber during LIBS, continuing to troubleshoot the focusing issue of the beam, 
and adding a delayed second pulse to enhance the signal of the laser-induced plasma, otherwise 
referred to as DP-LIBS. Overall, with this experiment, the baseline functionality of HIDRA-MAT 




7.7 Planned Experiments for HIDRA-MAT LIBS 
LIBS on HIDRA-MAT will be utilized to collect data on the temporal evolution of the 
PFC’s surface in-vacuo. Simulations have shown that in a 26 kW heating scenario operating at a 
low field (87.5 mT), HIDRA’s poor plasma confinement gives rise to large particle fluxes to the 
sample on the order of 1022 m-2s-1. The stellarator pulse is on a much larger time scale than other 
devices, so many particles are interacting with the wall in one pulse. HIDRA-MAT studies the 
effects of these plasma characteristics by performing LIBS on exposed PFC materials. Since the 
plasma is still present in HIDRA when LIBS is being done in HIDRA-MAT, it can once again be 
exposed and then characterized. Combining separate LIBS measurements will elucidate the 
temporal evolution of how the PMI mechanisms are affecting the PFC.  
With the sample being heated and lithium’s high surface tension, lithium will remain a 
liquid and stay on the sample surface during the plasma exposure and characterization. LIBS can 
be performed on solids, liquids, or gases, making it advantageous for this application. In HIDRA-
MAT’s first experimental campaign, its dual-pulsed LIBS system will attempt to produce a strong 
signal depicting the retention of H, D, and He on the surface of lithiated porous tungsten that was 
exposed to a D-He plasma. Once in-vacuo characterization is complete, samples can be transferred 
out of HIDRA-MAT to other characterization diagnostics. The transfer will cause the sample to 
be exposed to atmosphere, immediately causing the surface to oxidize. Conclusions reliant on data 
from these secondary characterization techniques must take oxidation effects into account. The 
LIBS laser pulse will form a crater on the surface from ablated material, which will be measured 
with atomic force microscopy. Knowing crater depth opens the possibility of using multiple laser 
pulses and the signal obtained from each at the same sample location to produce a depth profile. 
Scanning electron microscopy imaging can be utilized to show crater location on the sample 
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surface, and 3D profilometry can characterize the crater's morphology to obtain metrics that will 
be useful to determine surface/volumetric retention values. 
In-vacuo measurement is crucial to successfully identify liquid metal PFC behavior in 
fusion devices for H, D, and He retention. Characterization requiring samples to be taken out of 
vacuum immediately introduces impurities in oxidation and other atmospheric contaminants [36]. 
Lithium oxidizes quickly in atmospheric conditions, so in-vacuo characterization is a necessity. 
HIDRA-MAT and LIBS can gather the essential preliminary data on how these ions react with 
liquid lithium PFCs. In-vacuo characterization produces data that more accurately imitates 















Chapter 8: Conclusion 
The development of HIDRA-MAT allows for PMI studies in a unique PFC testing 
environment. Stellarator plasmas, HIDRA’s flexible experimental schedule, and HIDRA-MAT’s 
versatile diagnostic setup allow various PMI experiments to be conducted. Within this work, the 
design, fabrication, and preliminary testing of HIDRA-MAT and its systems were presented. 
HIDRA-MAT’s compact design features TDS, LIBS, and dual-RGA systems along with a liquid 
metal droplet injector to prepare samples in-vacuo for plasma exposures provides a broad spectrum 
of material characterization for a variety of different samples. As HIDRA-MAT continues to be 
developed, it will evolve into the primary material characterization device for samples that 
require in-vacuo characterization after long-pulse plasma exposures. 
           The sample preparation systems accommodate different sample needs that each experiment 
requires. Sample exposures can be performed at the plasma edge or into the core. Rotation of the 
sample can place the same at specific angles with respect to plasma to study AOI effects or how 
different plasma shapes lead to particle transport change. Unique to HIDRA-MAT compared to 
other characterization devices on fusion research machines is the ability to apply liquid metals to 
samples and expose them to plasmas in-vacuo. In particular, lithium’s high reactivity in the air 
makes it unfavorable to transfer into atmosphere after plasma exposure for characterization. 
HIDRA-MAT’s diagnostic capabilities allow it to unveil new information on the PMI mechanism 
by eliminating passivation effects that typically accompany the sample’s characterization in 
atmosphere. 
           LIBS and TDS represent the two main characterization diagnostics on HIDRA-MAT. LIBS 
is considered a minimally destructive technique and TDS a destructive one. Together LIBS and 
TDS can be utilized to understand the surface PMI of exposed samples. LIBS can even be used in 
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between exposures to gain a temporal evolution of the surface, further understanding the dominant 
PMI mechanisms. Aside from the main characterization techniques, specific tools can be used on 
HIDRA-MAT if required. The sample heater used in TDS can be used to expose samples at 
different temperatures. The dual-RGA system can be operated in tandem with TDS to differentiate 
between deuterium and helium with a ±5% error. Also, an RGA can be moved to the main chamber 
to perform LIDS during LIBS in some cases. Overall, a large amount of information can be 
collected in HIDRA-MAT without leaving vacuum, thus enabling HIDRA-MAT to gather data in 
an environment that is more representative of the environments PFCs will encounter. 
Future experiments on HIDRA-MAT will understand the behavior of liquid metal PFCs in 
HIDRA’s stellarator plasmas. Lithium’s beneficial properties have brought it to the forefront of 
next-generation PFC design and development in the fusion community. HIDRA-MAT’s design 
accommodates the unique challenges associated with liquid metals. It can provide crucial 
fundamental information about liquid metal-material-plasma interfaces that are much needed to 
develop next-generation PFCs.  The preliminary results demonstrating HIDRA-MAT’s 
functionality via sample preparation, plasma exposure, LIBS, LIDS, TDS, and He/D2 
differentiation outline the vast potential HIDRA-MAT holds in the area of material science and 









Appendix A: Raman Spectroscopy 
A.1 Background 
 Raman spectroscopy is a fast, non-destructive characterization technique that uses 
monochromatic light to gain molecular bond information from the sample surface’s first few 
nanometers [37]. Photons interact with the molecular bonds, and through bond vibrations, 
polarization of the photon can occur. The most common interaction is Rayleigh scattering, where 
a photon excites an electron, and the electron then falls back to its ground state, emitting a photon 
with the same energy as the incident one. Less common are the Stokes lines that produce Raman 
spectra. This inelastic process occurs when an electron is excited and then de-excites to a 
vibrational state instead of its ground state, thus the emitted photon has less energy than the 
incident one. The spectrum created from the energy of the emitted light is known as the Raman 
shift. Molecules are identified by their Raman shifts by matching peaks in the recorded spectrum 
to known peaks for molecules. More than 99% of the scattered light experiences no shift, so the 
beam intensity must be large enough to produce a signal. Different wavelengths of light produce 
different Raman spectra. Raman can also be done on solids and liquids. Gases are difficult due to 
the low density of photon-bond interaction. 
The formation of lithium deuteride has been of interest in the HIDRA-MAT project, and 
Raman was identified as a potential characterization technique to gain qualitative data on 
deuterium retention in liquid metals. Work at UIUC has investigated lithium hydride and lithium 
deuteride formation and developed ways to separate the hydrogen from the lithium as a proof of 
concept for a liquid metal loop system [38]. The behavior trends of lithium and hydrogen seen in 
these experiments can be applied to understanding the retention behavior of PFCs that have had 
liquid lithium applied to them. Raman’s poor characterization of gases and metals stood out as 
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potential issues. However, because of lithium’s high affinity for capturing hydrogen, there was a 
possibility that the density of bonds could become significant enough to be seen by Raman. 
Hypothesizing that, along with Raman’s non-destructive properties, made this a viable option to 
explore. 
Lithium hydride has been identified in crystals using Raman, and other Raman experiments 
show that the oxidation of lithium is exceptionally prevalent. Lithium’s reactive nature subjects it 
to quick oxidation of the surface, and this occurs at a rate of one monolayer of impurities per 
second at 10-6 Torr [36]. In atmosphere, the surface is oxidized immediately since the amount of 
time it takes for the monolayer formation decreased linearly with an increase in magnitude of the 
pressure. Table 2 and figure 38 show the oxides’ Raman shifts formed when lithium is present 
[39]. LiD Raman peaks have only been collected through crystals, and the main peak is at 328 cm-1 
[40]. To mitigate the effect oxide formation has on the surface, the sample needs to be in vacuum 
during testing. Furthermore, before in-vacuum testing with a specialized Raman system could be 








Figure 38. Comparison of lithium oxides’ Raman spectra [39]. 
Table 2. List of common Raman peak positions for lithium oxides in air [39]. 
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A.2 Experimental Setup  
Before a design for the Raman system on HIDRA-MAT could be finalized, there needed to be 
evidence that lithium deuteride could be identified through Raman on samples comparable to those 
in HIDRA-MAT. The Material Research Lab at UIUC hosts a Nanophoton Raman 11 system 
equipped with 532 nm and 785 nm wavelengths. Specific wavelengths of light produce Raman 
shifts that are more intense and easier to identify than the background spectrum. This Raman 
system operates in atmosphere so that any lithiated sample would be oxidized. Oxidation of a 
sample in-vacuo is expected in HIDRA-MAT over time. If the MRL Raman system could identify 
the lithium oxides, it would be likely that the HIDRA-MAT setup could also identify these bonds. 
Moreover, if lithium deuteride bonds were seen, then there would be clear evidence supporting the 
use of a Raman system on HIDRA-MAT. 
Sample preparation started with collecting control data on bare samples to compare the Raman 
spectrum to literature. Following the control data acquisition, spectrum samples were to be 
lithiated, irradiated with deuterium, and lithiated then irradiated with deuterium. A total of 12 
samples were prepared for Raman characterization, including silicon, tungsten, and porous 
tungsten. Silicon was used because it is used mainly in Raman applications and provides a strong 
Raman signal. If lithium oxides were not identifiable on a silicon substrate, Raman would have to 
be replaced with another characterization technique. 
Samples ranged in size and shape and were lithiated using lithium evaporation in MCATS at 
CPMI. It is estimated based on the evaporation time that 50-100 nm of lithium was deposited on 
the sample surface. After lithiation, the samples that required irradiation were then moved to 
IGNIS in MRL. Due to availability on IGNIS, only four samples were irradiated, which included 
bare silicon, lithiated silicon, bare tungsten, and tungsten with lithium. The samples were irradiated 
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with deuterium at a fluence of 1019 cm-2 for 24.6 minutes leading to a flux of 6.7×1015 cm2 s-1. 
After irradiation, samples were stored until Raman was able to be done. 
Raman testing was conducted and completed within six days of irradiation. The lithiated 
samples’ surfaces passivated between the time of lithiation and irradiation but did not affect the 
tests' integrity since the interest was to identify lithium oxides in the Raman spectra. A laser with 
a wavelength of 532 nm and 50 mW of power was used for each sample, with the only difference 
between sample spectra being the used grating.  




Figure 39. Raman image of lithiated Si sample. 
Figure 40. Raman spectra of (a) a lithiated Si sample and (b) a lithiated W sample at 50 mW of 







Table 3. Raman Peak (cm-1) wavenumbers for lithiated Si and W samples from 
figure 41. 
Figure 41. Raman spectra of a (a) lithiated Si sample, (b) lithiated W sample, (c) lithiated and deuterium 
irradiated Si sample, and (d) lithiated and deuterium irradiated W sample at 50 mW of power using a 532 nm 
laser wavelength and 1200 g/mm grating.  The main Raman peaks observed are labeled; no significant 
conclusions could be made on if oxides were present. 
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 The Raman spectra showed little to no conclusive evidence that a specialized in-
vacuo HIDRA-MAT Raman system would identify lithium oxide or lithium deuteride bonds. 
Table 2 includes the prominent peaks seen for lithium oxides and lithium deuteride. Figure 39 is 
an image of the surface that was analyzed, and figures 40 and 41 show the Raman spectra of 
different samples with labeled peaks. To confidently conclude a bond is present, multiple peaks 
should be present in the Raman spectra. It became evident early on that the only peak consistently 
identifiable was the silicon peak. The lack of the known oxide peaks present on the spectra across 
each type of sample was reason enough to conclude that Raman was not a suitable characterization 
option. The adaptation from the MRL Raman system to HIDRA-MAT would have required 
considerable simplification, and no justification can be given to dedicating the time and resources 















Appendix B: He/D2 Differentiation Error Propagation Data 
Table 4. Different combinations of flow rates were used for each mixture type. Data correspond to figures 26 and 27. 
25 He : 75 D2 50 He : 50 D2 75 He : 25 D2 
He Flow (sccm) D2  Flow (sccm) He Flow (sccm) D2  Flow (sccm) He Flow (sccm) D2  Flow (sccm) 
2.3 2 3.73 3 3 2.03 
2.73 3 5 4 4 2.29 
3.15 4 6.29 5 5 2.55 
3.58 5 7.57 6 6 2.81 
4 6 8.85 7 7 3.07 
4.43 7 10.13 8 8 3.33 
4.86 8 11.41 9 9 3.59 
5.29 9     
 
Table 5. Term contributions in the standard deviation calculation for the He percentage calculation. Results show the error in the 
calculation is mostly from the He pressure term. 









































189.62 0.10043 6.715 0.047197 13.787 0.17601 
37.951 0.021867 6.0965 0.030383 2.8166 0.077952 
31.278 0.010628 4.6279 0.021047 1.2465 0.054821 
18.369 0.010792 2.8756 0.018707 0.71827 0.035401 
20.845 0.010333 2.8812 0.014241 0.55843 0.020968 
18.42 0.011099 3.9881 0.011524 0.51721 0.020847 
15.756 0.0060471 4.8333 0.011836 0.51831 0.015075 
18.666 0.0068327     
 
Table 6. Term contributions in the standard deviation calculation for the D2  pressure calculation. Results show the error in the 
calculation is mostly from the measurement of the 25 eV signal. 
































1.50E-40 5.64E-12 3.45E-40 9.40E-12 1.62E-40 4.05E-12 
3.45E-40 9.20E-12 6.4E-40 1.90E-11 2.08E-40 5.24E-12 
6.15E-40 1.47E-11 1.09E-39 2.94E-11 2.68E-40 8.33E-12 
1.01E-39 2.42E-11 1.68E-39 4.75E-11 3.33E-40 9.87E-12 
1.58E-39 4.65E-11 2.50E-39 6.20E-11 4.15E-40 9.24E-12 
2.30E-39 7.17E-11 3.80E-39 8.06E-11 4.98E-40 1.36E-12 
3.24E-39 6.03E-11 5.44E-39 1.27E-11 6.12E-40 1.37E-12 




Table 7. Standard deviations associated with the RGA signal measurements. Standard deviation does change with each different 
combination of He and D2 flow rates. 




































































































    
 
Table 8. Term contributions in the standard deviation calculation for the He pressure calculation. Results show the error in the 
calculation is mostly from the calculation of the 50 eV He pressure calculation. With higher concentrations of He, the term 
contribution becomes more even but still is due to the 50 eV He pressure calculation. 
































9.82E-12 3.70E-10 2.67E-11 1.24E-09 1.50E-11 4.09E-10 
1.31E-11 1.23E-09 4.14E-11 2.88E-09 2.68E-11 6.16E-10 
1.58E-11 2.80E-09 7.53E-11 5.96E-09 4.45E-11 8.75E-10 
2.34E-11 4.44E-09 1.46E-10 9.65E-09 7.01E-11 1.19E-09 
2.82E-11 8.72E-09 1.94E-10 1.38E-08 9.60E-11 1.49E-09 
4.01E-11 1.41E-08 2.10E-10 2.14E-08 1.34E-10 2.37E-09 
4.96E-11 1.81E-08 2.68E-10 3.54E-08 1.68E-10 3.14E-09 
5.36E-11 2.75E-08     
 
Table 9. Term contributions in the standard deviation calculation for the He pressure calculation. Results show relatively equal 
error contribution from the measured 50 eV RGA signal and the calculated 50 eV D2  signal.  














50 eV D2 Signal 
SD (Δy)2 
1.92E-16 2.09E-16 6.22E-16 7.24E-16 2.68E-16 1.75E-16 
6.23E-16 7.11E-16 1.17E-15 1.94E-15 3.83E-16 2.83E-16 
1.31E-15 1.72E-15 2.49E-15 3.95E-15 4.44E-16 5.01E-16 
1.33E-15 3.47E-15 3.48E-15 6.95E-15 5.84E-16 7.08E-16 
2.95E-15 6.48E-15 3.58E-15 1.14E-14 6.98E-16 9.17E-16 
4.88E-15 1.04E-14 5.52E-15 1.76E-14 1.26E-15 1.30E-15 
5.23E-15 1.43E-14 1.14E-14 2.69E-14 1.72E-15 1.68E-15 




Table 10. Term contributions in the standard deviation calculation for the 50 eV D2 signal calculation. Results show that the error 
is contributed by the D2 pressure term. Referring back to table 6, the error comes from the measurement of the 25 eV RGA 
signal. 






































3.50E-17 0.10043 4.34E-16 0.047197 4.96E-17 0.17601 
4.27E-16 0.021867 1.35E-15 0.030383 1.21E-16 0.077952 
1.26E-15 0.010628 3.04E-15 0.021047 2.44E-16 0.054821 
2.72E-15 0.010792 5.48E-15 0.018707 4.03E-16 0.035401 
5.04E-15 0.010333 9.48E-15 0.014241 6.31E-16 0.020968 
8.21E-15 0.011099 1.51E-14 0.011524 8.83E-16 0.020847 
1.24E-14 0.0060471 2.29E-14 0.011836 1.25E-15 0.015075 
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